Characteristics, Theory and Modeling of the Transistor Laser by Then, Han Wui
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2009  Han Wui Then 
 
 
 
 
 
CHARACTERISTICS, THEORY AND MODELING OF THE TRANSISTOR LASER 
 
 
 
 
 
 
BY 
 
HAN WUI THEN 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Electrical and Computer Engineering 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2009 
 
 
 
 
 
Urbana, Illinois 
 
Doctoral Committee: 
   
Professor Milton Feng, Chair and Director of Research 
  Professor Nick Holonyak, Jr. 
  Professor Keh-Yung Cheng 
  Professor Kuang-Chien Hsieh 
  Professor Jianming Jin 
 ii
ABSTRACT 
 
 
 The transistor laser possesses advantageous characteristics of fast base spontaneous 
carrier lifetime, high differential optical gain, and unique three-terminal electrical-optical 
characteristics for direct “read-out” of its optical properties.  These potentially lead to 
advantageous and useful features for designing high-speed optical transmitters that operate 
without the limitations of resonance, a feature common in the operation of semiconductor (two-
terminal) diode lasers.  The characteristics of the transistor laser are studied by considering the 
charge transport, and the coupling of the photon and quantum-mechanical electron-hole 
recombination dynamics in the operation of the transistor laser.  An analytical understanding of 
these physical characteristics is developed based on experimental data, and a computational 
model of the transistor laser is developed for device engineering and circuit design applications. 
 
 
 iii
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To Mag and Isaac 
 iv
ACKNOWLEDGMENTS 
 
 
 I wish to thank, first and foremost, Professor Milton Feng for the opportunity to work on 
the light-emitting transistor and transistor laser project, and for his advice, direction and 
supervision throughout the work.  I am very grateful and indebted to Professor Nick Holonyak 
Jr. for his generous ideas, guidance and philosophy.  Much gratitude also goes to Dr. Gabriel 
Walter for getting me started and trained in this wonderful laboratory.  Many thanks also go to 
Professor K. Y. Cheng, Professor K. C. Hsieh and Professor Jianming Jin for agreeing to be on 
my preliminary examination committee and for their support.  I would also like to thank Dr. 
Hermann Statz for helpful comments and email discussions.  I would also like to mention the 
help of HSIC members past and present:  Dr. Richard Chan, Dr. Ben F. Chu-Kung, Mr. Chao-
Hsin Wu, Mr. Adam James, Dr. William Snodgrass, Ms. Doris Chan, Mr. Mark Stuenkel, Mr. 
Donald Chen, Mr. Forest Dixon, Mr. Kurt Cimino, Mr. Giang Nguyen, and Mr. Ben Schlarman.  
Without their devices, help and support, none of the work documented here would have been 
possible.   
 v
TABLE OF CONTENTS 
 
 
1. INTRODUCTION .......................................................................................................................1 
 
2. CARRIER TRANSPORT AND PHOTON-CARRIER DYNAMICS........................................7 
 
3. OPTICAL BANDWIDTH, ELECTRON-HOLE RECOMBINATION DYNAMICS AND 
COLLECTOR CHARACTERISTICS......................................................................................29 
 
4. TUNNEL JUNCTION TRANSISTOR LASER........................................................................57 
 
5. PHYSICAL MODEL OF THREE-PORT TRANSISTOR LASER..........................................70 
 
6. CONCLUSION..........................................................................................................................84 
 
REFERENCES ..............................................................................................................................86 
 
 
 1
1. INTRODUCTION 
 Emitter carrier injection and base electron-hole recombination, with base carrier 
transport (emitter to collector, E→C), are fundamental to the operation of the transistor.1 
Carrier recombination has become the subject of intensive study and has established, over 
time, a basis for III-V compound semiconductor lasers2,3,4,5 and light-emitting diodes 
(LEDs)6 not to mention heterojunction bipolar transistors (HBTs).7  For high speed (>800 
GHz),8 the HBT inevitably becomes a small high-current-density device.9  Recently, the 
HBT has made possible, because of the base recombination (IB), a three-port (one input, 
two outputs) laser − a novel device called the transistor laser (TL),10,11,12 in which the 
usual transistor electrical collector (IC, output port #1) is complemented with a quantum-
well (QW) “optical collector” (hυ, output port #2) inserted in the base region of the HBT.  
It duplicates its role as a collector in the original QW diode laser,13  governing and 
enhancing base radiative recombination.   
 The observation of light emission (radiative recombination) from the base layer of 
an InGaAs heterojunction bipolar transistor has led to the demonstration of a light-
emitting transistor, operating initially in the MHz range.14  The three-port heterojunction 
bipolar light-emitting transistor (HBLET) is then modified and improved by 
incorporating single or multiple QWs in the p-type base region in order to enhance base 
recombination and “tailor-make” the electrical and optical properties, thus increasing the 
operation into the GHz range.15  In fact, the HBLET can be further redesigned to support 
stimulated emission,16 and is capable of achieving a modulation bandwidth of 13.5 GHz 
(despite a large cavity length of 400 µm) or even more, and absence of resonance 
frequency.17  We therefore observe experimentally the progressive enhancement of the 
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speed of an HBLET from the case of no QW in the base to that of single or multiple 
QWs, and from spontaneous to stimulated recombination operation with further reduced 
carrier lifetime.   
Stimulated recombination, a unique feature in the transistor laser, causes 
“compression” in the collector I-V characteristics and a decrease in gain, β (β ≡ ∆IC/∆IB, 
βstim < βspon). The transistor laser has demonstrated, based on spectral data and electrical 
characteristics, laser operation both in the QW ground state (λ = 1000 nm) and in the first 
excited state (λ = 980 nm).18  The laser threshold for the ground state and the shift from 
the ground to the first excited state can be observed from the collector I-V characteristics 
by observing where the changes occur in the compression region.  It has also been 
determined that laser operation in the first excited state (λ = 980 nm) compared to 
operation in the ground state (7 GHz, λ = 1000 nm) achieves as much as a two times 
greater bandwidth.  The electrical characteristics of a transistor laser, therefore, act as a 
sensitive “read-out” of the QW recombination dynamics occurring in the base.  This 
behavior can be employed to show how the collector I-V characteristics can be used to 
extract the differential optical gain, a key parameter in the high-speed performance of a 
laser.   
 
1.1. Outline of Problem 
The transistor laser possesses advantageous characteristics of fast base 
spontaneous carrier lifetime, high differential optical gain, and unique three-terminal 
electrical-optical characteristics for direct read-out of its optical properties.  These 
potentially lead to advantageous and useful features for designing high-speed optical 
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transmitters that operate without the limitations of resonance, a feature common in the 
operation of semiconductor (two-terminal) diode lasers.  The characteristics of the 
transistor laser can be understood from the consideration of the charge transport and the 
coupling of the photon and quantum-mechanical electron-hole recombination dynamics 
in the operation of the transistor laser.  The objective of this work is to form an analytical 
understanding of these physical characteristics, and to develop a model of the transistor 
laser that can be employed for circuit design.    
 
1.2. Organization of Work 
The organization of the thesis proposal is as follows:   
 In Chapter 2, it is shown that the electrical characteristics of an n-p-n transistor 
structure can be used to determine experimentally, under dynamic operating conditions, 
the effective carrier lifetime of injected minority carriers in the QW base region of a 
heterojunction bipolar light-emitting transistor.  A charge control model of the transistor 
laser is developed consistent with the short recombination lifetime of the QW base 
(which competes with the short emitter-to-collector transit time).  The carrier lifetime is 
progressively reduced from 134 ps (no base QW) to ~35 ps by inserting single or double 
QWs of increasing width to enhance the effective capture cross section for injected 
carriers (electrons), and is further reduced to ~10 ps by increasing the p-type doping from 
5x1018 to 4x1019 cm-3.   The minority carrier distribution in the base region of the 
transistor laser is calculated employing the relevant continuity equations and 
experimental carrier lifetimes, spontaneous and stimulated, extracted from the transistor 
I-V characteristics.  The coupled photon-carrier rate equation for the transistor laser is 
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developed, and the absence of carrier-photon resonance of a transistor laser is 
demonstrated with the 3 dB bandwidth (@ IB/IB,th = 1.5) estimated to be 30 GHz for a 400 
µm long laser cavity and 70 GHz for a 150 µm cavity.    
 In Chapter 3, a first order perturbative analysis of the electron-hole recombination 
dynamics in the base QW by Fermi’s Golden Rule is developed to explain the large 
increase in the high-speed performance of the transistor laser operating on the first 
excited state (λ= 980 nm) compared to ground state (1000 nm).  The model shows that 
the bandwidth of the transistor laser (absent resonance peaks) increases as much as 
twofold when it shifts operation from ground to first excited state.  No assumption of 
upper subband state-filling is necessary in the calculation consistent with no “pile-up” of 
charge in the upper subbands because of the transistor boundary condition at the 
electrical collector of zero charge density (collector current IC ≠ 0) resulting in a “tilted” 
emitter-to-collector population distribution.  The collector electrical characteristics (I-V) 
of a transistor laser are shown to manifest directly the transport and recombination 
dynamics of the vital QW base region, including QW recombination state changes.  By 
employing the continuity equations and an extension of the classic charge control model, 
the differential optical gain of a single QW transistor laser is extracted from the dc I-V 
characteristics showing the QW state changes.  The results agree in form with 
calculations employing Fermi’s Golden Rule and the staircase-like density of states of a 
QW.  Data is then presented to describe analytically the trade-off between collector 
current gain and the differential optical gain of a heterojunction bipolar transistor laser.  
The electrical-optical gain relationship shows that a reduction in the transistor current 
gain is accompanied by an increase in the differential optical gain of the transistor laser 
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and, as a consequence, results in a larger optical modulation bandwidth.  Third-terminal 
electrical control can be used to enhance the optical bandwidth of a transistor laser 
beyond the “gain-clamped” cut-off limitation of the carrier-photon (population) 
resonance characteristic of a diode laser by applying an auxiliary signal to peak the 
photon output, e.g., stimulated recombination which simultaneously reduces the 
operating current gain, β (= ΙCΟ/ΙΒΟ), and increases the laser differential gain.  With gain 
trade-off, the improvement, from 10.5 to 22 GHz, in the optical modulation bandwidth of 
a QW heterojunction bipolar transistor laser operation is achieved by the use of an AC 
auxiliary base signal.   
 After having discussed the role of the electrical collector in the transistor laser 
operation, in Chapter 4, a transistor laser with its collector modified to incorporate a 
tunnel junction collector is described.  Its optical output is sensitive to third terminal 
voltage control owing to the electron tunneling (photon-assisted or not assisted) from the 
base to collector, which acts to further support re-supply of holes for recombination in 
addition to the usual base ohmic current, IB.  Collector tunneling enhances laser operation 
even under a weak collector junction field, and quenches it under a strong reverse-biased 
field.  The sensitivity of the tunnel junction transistor laser to voltage control enables the 
tunnel junction transistor laser to be directly modulated by both current and voltage 
control.  Electrical-optical signal mixing above threshold with the tunnel junction 
transistor laser is then shown to be possible due to the nonlinear coupling of the optical 
field to the base emitter-to-collector carrier transport and the base-to-collector electron 
tunneling.  Microwave signal mixing with a common-emitter tunnel junction transistor 
laser is demonstrated with a pair of input sinusoidal signals: one (f1=2.0 GHz) at the base 
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using current modulation, and the other (f2=2.1 GHz) at the collector using voltage 
modulation, producing an optical output with harmonics up to (4f1+7f2) = 22.7 GHz, 
despite being limited by amplifier bandwidth.   
 In Chapter 5, the base charge dynamics of the QW transistor laser are analyzed by 
constructing a model based on earlier incomplete charge control analysis.  We extend 
Kirchhoff’s law to include electrical and consistently optical elements.  The model yields, 
via microwave measurements (and resolvable picosecond responses), physical quantities 
associated with transistor laser base-charging, permitting the extraction of a base QW 
charge density, nQW=2x1016 cm-3, consistent with calculation by current continuity.  The 
low density implies quasi-Fermi level discontinuity in the transistor laser base, and 
indicates that the base QW charge level is not as important as the current driving the QW 
and supplying electron-hole recombination. We construct an equivalent circuit model of 
the transistor laser based on the modified charge control analysis, and show that the 
model is capable of fitting and reproducing well the small-signal electrical and optical 
response of the transistor laser at multiple operating biases.  Not only is such an 
equivalent circuit construct useful in the analysis of device physics and operation, it also 
represents a step towards constructing a library of circuitries and solutions based on the 
three-port transistor laser for integrated circuits design. 
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2. CARRIER TRANSPORT AND PHOTON-CARRIER  DYNAMICS  
 
2.1. Charge Control Analysis and Minority Carrier Lifetime  
Past experiments performed to measure the carrier lifetime in GaAs and related 
materials such as InGaAs have mostly been conducted via all-optical means employing 
various methods from simple optical transmission-excitation 19  to photoluminescence 
phase-shift20,21 and time-resolved photoluminescence decay employing subpicosecond/ 
femtosecond pulses.22  These have yielded a range of carrier radiative lifetimes in GaAs 
(50 ns to 190 ps) employing double heterostructures such as AlGaAs-GaAs-AlGaAs 
layers23,24,25 to obtain “surface-free” conditions (inner layer).  
To show the dependence of the base minority carrier (electron) lifetime in n-p-n 
QW HBLETs at various base doping densities and QW widths, HBLETs of different base 
layer configurations are employed, as shown in Table 2.1.    Generally the p-type base of 
the HBLET can be modeled as a series of three regions: (a) p-type GaAs doped NA cm-3, 
(b) undoped InGaAs single or multiple QWs, and (c) p-type GaAs doped NA cm-3.   
In order to extract the minority carrier lifetimes, the continuity equations in the 
three regions are solved for the injected minority electron population flowing from the 
emitter to collector, and are:  
bulk
n
x
nD
t
n
τ−∂
∂=∂
∂
2
2
 regions (a) and (c),        (2.1) 
qw
n
x
nD
t
n
τ−∂
∂=∂
∂
2
2
 region (b).         (2.2) 
In Eqs. 2.1 and 2.2 n = n(x,t) is the electron distribution in the base.  The quantities τbulk 
and τqw are the recombination lifetimes in the GaAs regions, and in the QW region, 
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respectively.  The bulk lifetime, τbulk, in the GaAs layers is determined to be 134 ps, 
obtained from the current gain of a comparison HBT without a base QW.  The diffusion 
constant, D ≈ 26 cm2/s, is assumed to be uniform throughout the base region, and the 
current I = qAD(δn/δx) is assumed to be continuous across the GaAs/InGaAs-QW/GaAs 
interfaces (area, A ≈ 120 µm x 120 µm).  
Table 2.1  QW HBLET base layer configuration and device gain.  Base widths of all the 
HBLETs are approximately 900 Å. 
Sample Base Layer QW Size, WQW (Å) 
Base p-type 
Doping, NA 
(cm-3) 
Gain, β = ∆IC /∆IB 
(VCE = 1.5 V) 
1a No QW - 4 x 1019 92 
1b 80 Å QW 80 4 x 1019 12 
1c 120 Å QW  120 4 x 1019 10 
2a 80 Å QW 80 5 x 1018 72 
2b Two InGaAs QWs, 140 Å GaAs Barrier 240 5 x 10
18 24 
 
 
The carrier lifetime τqw of the QW can be extracted numerically from the HBLET 
I-V characteristics by solving Eqs. 2.1 and 2.2 for (δn/δt) = 0 and applying the condition 
of zero charge density at the base-collector junction.  The collector current, IC, and the 
emitter current, IE, are obtained from IC = qAD(δn/δx)BC at the base-collector junction and 
IE = qAD(δn/δx)EB evaluated at the emitter-base junction. The base current is determined 
from the condition IB + IE + IC = 0.  The base charge density profile of the HBLET 
deviates from the usual simple HBT “triangular” approximation, and is slightly tilted 
more steeply upward at the emitter end of the base as a result of the faster (enhanced) 
recombination of the QW compared to the bulk (GaAs) region and the reduced base 
width (distance) to the QW (WEQW < WEC = WB).   
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Assuming that the recombination in the GaAs regions is very small compared to 
that in the InGaAs QW (τbulk >> τqw), the base charge distribution may be approximated 
as a superposition of two triangular charge populations denoted by Q1 and Q2 as shown in 
Fig. 2.1.  The populations Q1 and Q2 are obtained from the charge distributions solving 
Eqs. 2.1 and 2.2 by two triangles Q1 = q∆n1AWEQW /2 and Q2 = q∆n2AWEC /2, with total 
base charge Q ≈ Q1+Q2.   Q1 is responsible for the diffusion of carriers to the QW for 
spontaneous recombination (HBLET without a laser cavity), while Q2 is responsible for 
diffusion of carriers from the emitter E to the B-C electrical collector.   
In the charge control model, IC = Q2 / τt,2 and IB = ( Q1 + Q2 ) / τbulk + Q1 / τt,1, 
where τt,1 = WEQW2/2D is the transit time from emitter to QW and τt,2 = WEC2/2D ≈ 1.56 ps 
is the transit time across the entire base (WEC = WB ≈ 900 Å).  The overall effective base 
recombination lifetime, τB of the entire base population can be expressed as 
 
1,21
1 111
tbulkB QQ
Q
τττ ++= .           (2.3) 
Since τbulk >> τt,1 and Q2 >> Q1 for the case of a QW HBLET operating in spontaneous 
recombination, Eq. 2.3 reduces to τB ≈ (Q2/Q1)τt,1.  For no QW in the base, Q1 = 0  and τB 
= τbulk. 
Based on bimolecular recombination (radiative), the lifetime of minority carriers 
at low level can be written as τB  = 1/ (vth σ Nr), where vth is the thermal velocity of 
carriers, Nr is the density of possible recombination sites, and σ is the effective carrier 
capture cross section.  In the present case, Nr depends on the concentration of holes in the 
QW and is proportional to NA.  The quantity σ may be interpreted as a measure (size) of 
 10
the region where an electron is apt to be captured and recombine, and is proportional to 
the QW width, WQW, which gives  
τB  = 1/ (G WQW NA).            (2.4) 
The term G is introduced as a constant of proportionality depending on the base 
and QW structure.  Figure 2.2 shows the dependence of the extracted carrier lifetime τB 
as a function of 1/WQW for two different p-type doping concentrations NA = 5x1018 and 
4x1019 cm-3.  A direct correlation between τB and 1/WQW is observed at both densities, 
agreeing with a larger QW width enhancing the capture cross section for electrons.  
Moreover, the larger NA, the greater the recombination and hence the smaller τB, agreeing 
with data showing ~8x reduction in τB for a doping concentration 4x1019 compared to 
5x1018 cm-3.  In Fig. 2.3, τB is plotted against 1/NA  x 1/WQW.  The carrier lifetime is 
reduced progressively from 134 ps (no base QW) to ~35 ps for single or double QWs 
enhancing the capture cross section for injected carriers, and is further reduced to ~10 ps 
by increasing the p-type base doping from 5x1018 to 4x1019 cm-3 to increase the density 
of holes supporting recombination.  Stimulated emission 26  reduces the lifetime still 
further. 
 For spontaneous radiative recombination the light output, P, is proportional to 
NQW /τB, where NQW is the QW population of carriers.  NQW is proportional to WQW, 
making P proportional to WQW /τB.  In order to show that τB is consistent with bimolecular 
recombination, the relative light output of the QW HBLETs is measured at a given level 
of emitter current, IE (= IB + IC), and Fig. 2.4 shows that P/WQW is indeed inversely 
proportional to the carrier lifetime, τB.  Auger recombination cannot account for the 
values of τB observed.  If an Auger coefficient, CAuger ~ 7x10-30 cm6/s27, is assumed, the 
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recombination process would yield a carrier lifetime of approximately 90 ps for samples 
1b (τB = 16 ps) and 1c (τB = 10 ps),  which is slow for a QW HBLET. 
 The recombination carrier lifetime can be related to the quantity Brad, the 
bimolecular radiative recombination coefficient, by 1/τB = Brad NA, where the hole density 
is approximated by NA.  The value of Brad (no QW) is found to be 1.9x10-10 cm3/s, which 
agrees well with widely reported Brad values for bulk GaAs.27  The value of Brad (= 1/τB x 
1/NA) is evaluated for the various QW HBLETs of this work and shows that Brad 
increases with QW width WQW, agreeing with the QW enhancement.  According to Eq. 
2.4, Brad  = G WQW, with the G (for HBLETs) estimated to be ~2.3x10-3 cm2/s.  As 
expected, the base QW enhances the radiative recombination rate (reduces the lifetime) 
and to first approximation is described by Eq. 2.4. 
Concluding, a transistor structure gives the capability to measure, conveniently, 
input and output currents IE, IB, and IC, which give direct access, via the unique collector 
I-V characteristics (and IE + IB + IC = 0), to the important dynamic quantities of carrier 
lifetime and base transit time.  It is possible to determine carrier lifetime in non-
equilibrium low-level or high-level dynamical operating conditions.  Because of the fast 
transistor base transport and no charge accumulation, only fast carrier recombination is 
favored and at issue.  The effect of base QWs and heavy doping is to achieve fast 
recombination (reduced lifetime), which has major implications for fast modulation of 
light sources such as a transistor laser. 
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2.2. Charge Control and Coupled Carrier-Photon Dynamics  
In the present chapter, a calculation of minority carrier density distributions in the 
QW base region of the transistor laser is obtained from solving the continuity equations 
and introducing a modified charge control model to describe the operation. The carrier 
recombination lifetimes can be extracted from the HBT I-V characteristics, allowing, as a 
consequence, the intrinsic optical frequency response of the transistor laser to be derived 
by modifying the coupled carrier-photon rate equations.28  
 The base (p-type) of the transistor laser again (as in Chapter 2.1) is treated as a 
series of three regions: (a) 510 Å of GaAs doped 1019 cm-3, (b) a 160 Å undoped InGaAs 
QW, and (c) 210 Å of GaAs doped 1019 cm-3.  The continuity equations in the three 
regions are solved for the injected minority electron population that flows from the 
emitter to collector, and are described by Eqs. 2.1 and 2.2.  The term n/τqw in Eq. 2.2 
subsumes (by a “lumped” term) a role for spontaneous and stimulated photon generation, 
and coupling of the optical field into the device operation.  The bulk lifetime, τbulk, in the 
GaAs layers is approximated as 193 ps, obtained from the current gain of a comparison 
HBT without a base QW.  The diffusion constant, D ≈ 26 cm2/s, is assumed to be uniform 
throughout the base region, and the current I = qAD(δn/δx) is assumed to be continuous 
across the GaAs/InGaAs-QW/GaAs interfaces (device area, A ≈ 4000 µm2).  
 The carrier lifetime τqw of the QW can be extracted numerically from the 
transistor laser I-V characteristics (see Fig. 2.5).  From Eqs. 2.1 and 2.2, for (δn/δt) = 0 
and the condition of zero charge density at the base-collector junction, the calculated 
charge distributions for increasing base current, IB, corresponding to the I-V 
characteristics of Fig. 2.5 are shown plotted in Fig. 2.6.  The collector current, IC, and the 
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emitter current, IE, are obtained from IC_=_qAD(δn/δx)BC at the base-collector junction 
and IE_=_qAD(δn/δx)EB evaluated at the emitter-base junction. The base current is IB = IE 
– IC.  The base charge density profile of the transistor laser deviates from the usual simple 
HBT triangular approximation, and is tilted more steeply upward at the emitter end of the 
base as a result of the faster recombination of the QW compared to the bulk (GaAs) 
region and the reduced base width of the QW (WEQW < WEC = WB).  At the lasing 
threshold, τqw decreases abruptly (agreeing with βstim < βspon) as stimulated recombination 
speeds up the overall rate of recombination in the QW. Consequently, the emitter-end tilt 
of the carrier population is more pronounced beyond threshold. 
The charge distributions are calculated based on an analysis of the rates of 
recombination (spontaneous and stimulated) extracted from the transistor laser 
experimental I-V characteristics.  The recombination, to compete, must be at least as fast 
as carrier transport in the base.  In Fig. 2.1, the charge control model is shown for a 
HBLET operating in spontaneous recombination mode.  For comparison, in Fig. 2.7 a 
charge control (transport) model for a base region of a HBLET in laser operation is 
presented with both an electrical collector (the base-collector junction) as well as an 
optical collector (the QW), consistent with the short lifetime of the QW base.   
 The overall effective base recombination lifetime, τB of the entire base population 
is similarly expressed by Eq. 2.3.  The term τt,1 = WEQW2/2D ≈ 0.67 ps is the transit time 
from emitter to QW (WEQW _=_590 Å) and τt,2 = WEC2/2D ≈ 1.5 ps the transit time across 
the entire base (WEC = WB = 880 Å).  Since τbulk >> τt,1, Eq. 2.3 reduces to τB ≈ (1 + Q2 / 
Q1)τt,1.  For the HBLET in laser operation, we can no longer assume that Q2 >> Q1.  
Based on the calculated charge density distributions, Q2 and Q1 are roughly of the same 
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order of magnitude, and therefore τB is larger but still of the same order of magnitude as 
τt,1 = WEQW2/2D, which is in the picoseconds range.  Values of τB for charge density 
distributions near threshold and beyond are plotted in Fig. 2.8.  Beyond lasing threshold, 
τB decreases as stimulated emission speeds up the overall rate of electron-hole 
recombination in the base region. This is manifest in the steeper slope of the Q1 
population, transporting a larger proportion of the base carriers to a now faster (τB,stim) 
optical collector (QW), leading to a shorter overall base recombination lifetime, τB, and 
decreased gain β. 
The intrinsic frequency response of the transistor laser can be improved toward 
100 GHz owing to a carrier lifetime determined by a thin base and the ability of the 
transistor laser to inject and withdraw stored charge within picoseconds (forcing 
recombination to compete with E-C transport).  By integrating the continuity equations 
(Eqs. 2.5 and 2.6) over the entire base region, we obtain for the transistor laser a 
modification of the coupled carrier-photon equations formulated by Statz and deMars 
(1960)28, giving  



 Γ++−= ph
sponB
CE NvgN
q
I
q
I
dt
dN
,τ
,         (2.5) 
and 
p
ph
ph
ph NNvg
dt
dN
τ−Γ= .           (2.6) 
Here N ≈ (Q1+Q2)/q is the total base minority carrier population, v is the photon group 
velocity, Γ is the optical confinement factor of the active medium (QW), pτ is the photon 
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lifetime, g is the gain per unit length of the active medium (QW), and Nph is the total 
photon number.  The small signal optical frequency response is found to be 
( )
( )[ ] ( )ξωωωω
τ
ω
ω
nn
Bpb
B
m
j
qAW
I
P
/2/1
/
)(
)(
2 +−
Γ=∆
∆
,         (2.7) 
where ∆Pm(ω) is the modulated photon density, ∆IB(ω) is the modulated base current, 
ωn2_≈_(1/τpτB,spon)(IB/IB,th - 1), bΓ is the optical confinement factor of the waveguide, and 
the damping ratio is ξ_=_(2ωnτB,spon)-1 + 0.5(ωnτp).  For ξ ≤ (1/2)1/2, the resonance 
frequency is ωr_= ωn [(1-2ξ2)]1/2.  The 3 dB bandwidth is then expressed as 
ω3db_=_ωn[(1-2ξ2)+(4ξ4-4ξ2+4)1/2]1/2.  
The optical frequency response at IB = 33 mA (IB / IB,th = 1.5, τB, spon ≈ 2.5 ps, see 
Fig. 2.8) for laser cavity lengths of 400 µm and 150 µm is shown in Fig. 2.9.  For a 
cleaved cavity transistor laser with end mirror reflection R1 = R2 = 0.32 and absorption 5 
cm-1, the photon lifetime is estimated to be τp = 3.6 ps and 1.5 ps for laser cavity lengths 
of 400 µm and 150 µm, respectively. The optical frequency response is plotted for 
comparison for a τB, spon of 100 ps (a diode equivalent), IB / IB,th = 1.5, and a cavity length 
of 400 µm.   
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2.3. Resonance Free Frequency Response  
 Pulsations and “ripples” in laser output that resemble a “damped vibration” have 
been observed since 195928,29,30 in masers under certain pump conditions.   Statz and 
deMars observed the same behavior in ruby masers and explained the phenomenon via 
the transient solution of a pair of coupled carrier-photon rate equations describing the 
dynamical interaction between population inversion and cavity electromagnetic energy.28    
Self-resonance is a limitation and clearly undesirable in data communications, resulting 
in bit error rate degradation and complex peripheral circuits to counter these effects.  One 
of the earliest solutions proposed to eliminate pulsations has included the use of nonlinear 
optical absorbers.31  In today’s optical data communication links, passive low-pass filters 
such as Bessel filters with a fixed cut-off frequency are commonly used to filter out the 
resonance frequencies, hence limiting the useful transmission bandwidth of lasers up to 
only the resonant frequency, fR.  In the present work, we demonstrate resonance-free 
semiconductor lasers, in both triode (transistor) and diode form, that are a consequence of 
the realization of fast base spontaneous recombination lifetime, τB,spon ~ 29 ps.  In 
contrast to the p-i-n double heterojunction laser (Fig. 2.10 a), a fast base recombination 
lifetime can be realized by tilting the injected carriers and diffusing them across a thin 
oppositely doped QW base active region to remove slowly recombining carriers, thus 
favoring only fast recombining carriers (Fig. 2.10 b). Due to the thin-base (WB ~ 1000 Å), 
the emitter-to-collector (diffusion) transit time given by the relation τt = WB2/2D (D ~ 26 
cm2/s) is estimated to be 2 ps.  The intrinsic spontaneous recombination speed in the base 
of the transistor can compete and can be “clamped” at the same order of magnitude as the 
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QW base region transit time.   This is true of a transistor laser and can be made to occur 
in a diode. 
 We show in the following how fast spontaneous recombination can in general 
result in the resonance-free operation of a semiconductor laser.  Resonance in 
semiconductor lasers has the same origin as pulsations in masers and is well described by 
the Statz-deMars’ coupled equations.28 The equations are modified to include 
semiconductor (current injection) lasers in general, and are written as dN/dt = IB/q – 
N/τB,spon – Γvg(N)Nph, and dNph/dt = Γvg(N)Nph – Nph/τph, where the quantities are defined 
as in Ref. 26.  The carrier population N is established by a recombination current, IB (the 
“pump”).  In the absence of stimulated emission (Nph = 0), IB establishes a steady state 
carrier population, N = τB,spon IB/q.  N is depleted by spontaneous recombination 
characterized by a lifetime, τB,spon, and stimulated recombination is given as, ΓvgNph.  For 
a double heterojunction p-n (or p-i-n) diode laser (Fig. 2.10 a), IB refers to the input 
current at the p- and n-junction injecting electrons and holes into the middle i-region.  For 
a transistor (triode) laser (Fig. 2.10 b), IB refers to the base current, and is determined by 
the injected current at the emitter, IE minus the collected current, IC, collected at the 
adjacent reverse-biased p-n junction.   
 From the coupled rate equations, a faster τB,spon allows a non-equilibrium 
population, N = No + ∆N (e.g., one that is subject to a step pump current, IB,o + ∆IB), to 
return to its equilibrium value No more rapidly, i.e., N returning to equilibrium in the 
manner, N(t) ~ No + ∆N exp(-t/τB,spon).  The shorter the time T ~ τB,spon that the carrier 
population is out of equilibrium (i.e., dNph/dt ≠ 0), the smaller the amplitude of the 
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transient oscillations in Nph since ∆Nph ≈ ∫ over T  dNph/dt · dt.  Hence, “ringing” is the result 
of carriers “waiting” to recombine, and a fast τB,spon acts to reduce the delay, and 
equivalently dampens the ringing.  This effect is shown in the calculated optical output 
waveforms of Fig. 2.11. The response is “under-damped” for 250 > τB,spon > 10 ps, and 
excessive ringing is evident in the laser’s response to a step input.  For τB,spon  ~ 10 ps, the 
response is nearly “critically damped” and is nearly free of resonance.  For τB,spon < 10 ps, 
the response is “over-damped”  and completely free of any resonance.   
 Analytical insights can be obtained from the small-signal linear optical response, 
H(ω) = δNph(ω)/δIB(ω) derived from the coupled rate equations by expanding N as N = 
No + δN(ω), Nph = Nph,o + δNph(ω) and IB = IB,o + δIB(ω).  H(ω) can be written as26 
 ( ) ( )ξωωωωω nn o j
A
H
/2/1 22 +−= ,             (2.8)  
where ωn2 = Γvg’Nph/τph =_(η/τphτB,spon)(IB/ITH - 1) , ξ = 1/(2ωnτB,spon) + τphωn/2, 
g’=∂g/∂N and Ao is a normalization factor.     A simplified formulation of the differential 
gain, g’ = η gTH/NTH, is used where 0 < η < 1 gives a measure of how much g’ (the actual 
slope of g vs. N) deviates from its average quantity, gTH/NTH.  η can in principle be 
calculated from Fermi’s Golden Rule and the density of states of the active medium 
(QW), but it is much more convenient to treat it as a fitting parameter.  A damping factor 
is defined as γ  = 2ωnξ = 1/τB,spon + Γvg’Nph. The resonance frequency, fR, is given by fR 
= ωn/2π (1-2ξ2)1/2, and the magnitude of the resonance peak is given by |H(ωR)|2 = 
Ao2/[4(1-ξ2)ξ2].  The resonance peak can be reduced by increasing ξ.  Since ξ = 
1/(2ωnτB,spon) + τphωn/2,  for a given τph and g’, the damping of the resonance can be 
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obtained by both a faster τB,spon, and by increasing ωn2 or IB/ITH.  By setting ξ = 2/1  to 
give fR = 0 and |H(ωR)| = Ao,  the solution corresponds to the critically damped condition.  
With τph = 2.5 ps, IB/ITH = 5 and η = 0.1, we calculate H(ω) for the various τB,spon, in Fig. 
2.11 and obtain Fig. 2.12.  In the under-damped condition, or ξ < 2/1 , the frequency of 
the ringing corresponds to fR.  As τB,spon is reduced from 250 to 2 ps, the carrier-photon 
resonance peak is reduced with increased damping, and is eliminated when ξ ≥ 2/1 .   
 In usual diode laser structures a τB,spon of ~ 1 ns is frequently ignored, and ξ ~ 
τphωn/2.  In this case, damping is obtained by increasing IB/ITH or ωn, and resonance-free 
response is attained only at very large biases.  This makes the laser vulnerable to ringing 
when laser threshold deteriorates, hence necessitating the use of low-pass filters at the 
system receiver end and monitor-control circuits.  In contrast, by employing a faster 
τB,spon, the resonance-free condition can be attained even at low biases, because for low 
Nph, ξ ~ 1/(2ωnτB,spon), and a small τB,spon leads to a large ξ.  Moreover, the situation is 
“reversed” in that, with fast τB,spon, resonance appears only at large IB/ITH due to ωn 
increasing, causing ξ to decrease.  This signature is revealed in the frequency response of 
the transistor laser obtained at increasing IB/ITH (Fig. 2.13).  The fitting of Eq. 2.8 to the 
measured response curves gives τB,spon ~ 29 ps at all values of IB/ITH.  This is consistent 
with the spontaneous recombination lifetime of 23 to 37 ps reported in separate work 
employing a spontaneous heterojunction bipolar light-emitting transistor.32,33  It should be 
noted that the equations here are derived assuming no parasitic charging delays.  
Therefore, the fitted τB,spon is an effective lifetime which subsumes all the parasitic 
charging delays.  Given the length (L = 450 µm) of the transistor lasers employed in the 
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present work, the intrinsic spontaneous base recombination lifetime in a heterojunction 
bipolar transistor can, in fact, be much faster and can approach the 2 ps mark set by the 
base transit time. 
 We now possess, in the ideas and formulations above, all the necessary 
ingredients to make a semiconductor laser that is free from resonance at all biases.  
Accordingly, we introduce the tilted-charge diode laser, where the collector concept of a 
transistor is extended and incorporated (“buried”) into the device as a carrier “drain.” 
This takes the form of an asymmetrical two-junction tilted-charge diode laser, utilizing a 
buried n-type drain layer beneath the p-type base34 to tilt and remove slow recombination 
carriers. The tilted-charge diode laser has only two terminals: (a) a contact to the emitter 
layer, and (b) another across the base and drain layers.  The base-drain forms a p-n 
junction with a reverse built-in field that is maintained by a common potential (zero 
potential difference) obtained via a common contact metallization extending to the base.  
The zero base-drain potential difference ensures that there is no base charge population 
density at the base-drain boundary, hence establishing a dynamic tilted emitter-to-drain 
population in the base.  The drain layer therefore performs a role similar to the collector 
in a three-terminal transistor laser, allowing excess minority carriers to be removed from 
the base.  The “flat” optical response of the tilted-charge diode laser is shown in Fig. 
2.14.  There is no ringing in the signal waveform as is evident in the “clean,” open eye-
diagrams at 5.0 and 10.3 Gb/s.  No low-pass filter is required.  Further, a -3 dB 
bandwidth of only 5.6 GHz (~0.54 x 10.3 GHz/Gbs-1) is sufficient to achieve a clean 
open eye at 10.3 Gb/s as compared to the typical ratio of 0.75 – 1.0 GHz/Gbs-1 required 
for non-resonant-free lasers. 
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 Concluding, the very short effective carrier lifetime of a transistor laser (same 
order of magnitude as the cavity photon lifetime) results in a unity (or near unity) 
resonance peak and provides in effect a significantly larger bandwidth (at -3 dB), which 
typically is not available when the bandwidth is limited by carrier-photon density 
resonance as in a diode with large carrier lifetime (0.1 – 1 ns).  By charge analysis, if a 
QW base HBT is capable of laser operation, its speed of operation is not established by 
ordinary recombination, and the limitation of spatial charge pile-up as in a diode, but by 
the base dynamics of charge transport (only fast recombination able to compete with fast 
collection). We have also demonstrated how resonance-free semiconductor lasers can be 
obtained by employing only fast recombination, i.e., small τB,spon = 29 ps (<< 1ns), in the 
base of an n-p-n transistor laser.  The extended collector plays a pivotal role in setting the 
necessary (boundary) condition for the tilted base population, ensuring that slow carriers 
are swept from the base.  The concept of a charge-removal collector is then extended and 
applied to the design of a diode laser, a resonance-free tilted-charge diode laser, making 
possible clean eye-diagrams without the use of low-pass filters.  Resonance-free lasers 
are advantageous for data communication due to efficient utilization of the full device 
bandwidth up to -3 dB point, and thus offer the capability to simplify the design of 
peripheral circuits and lower power consumption. 
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2.4. Figures 
 
Fig. 2.1   Schematic charge control model for carrier transport in the base region of a 
HBLET with a QW optical collector (a giant trap) inserted ahead of the electrical 
collector. 
 
 
Fig. 2.2  The base lifetime τB of a QW HBLET as a function of inverse QW width, 
1/WQW, showing eight-fold reduction with doping increase from 5x1018 to 4x1019 cm-3. 
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Fig. 2.3  QW HBLET base lifetime τB (linear fit) agreeing with carrier capture cross-
section proportional to QW width WQW (τB ∝  1/WQW) and recombination rate 
proportional to hole concentration NA (τB ∝  1/NA).  The point (1a), 134 ps, corresponds to 
WQW ~ 7 Å or WQW Æ 0. 
  
 
Fig. 2.4  Radiative recombination output of a QW HBLETs normalized by QW width, 
P/WQW, illustrating the ~1/τB dependence and high device speed. 
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Fig. 2.5  I-V characteristics of a QW base n-p-n GaAs/InGaAs(QW)/GaAs heterojunction 
bipolar transistor laser showing the phenomenon of compression in the collector 
characteristics (and gain β = ∆IC/∆IB, βstim < βspon) above lasing threshold. Base threshold 
current IB,th ~ 22 mA. 
 
 
Fig._2.6 Calculated minority carrier (electron) distribution corresponding to the I-V 
characteristics of Fig. 2.5 showing the upward tilt in the base carrier profile at the emitter 
and the deviation from the usual triangular approximation owing to carrier collection and 
recombination at the nearby QW (WEQW < WEC).   
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Fig. 2.7 Charge analysis determination of base carrier distribution showing the Q1 and Q2 
triangles corresponding to carrier diffusion and collection at the QW (τt,1 = WEQW2/2D) 
and at the electrical collector (τt,2 = WEC2/2D, τt,1 < τt,2) respectively.  The total Q1+Q2 
agrees with Fig. 2.6 and a steeper tilt from E to QW than QW to C (WEQW < WEC). 
 
 
Fig. 2.8  Calculated base carrier lifetime, τB, for the tilted base populations of Figs. 2.6 
and 2.7, the steeper decrease agreeing with the E to QW spacing (WEQW < WEC) and 
threshold at IB,th = 22 mA. 
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Fig. 2.9  Frequency response of the transistor laser of Figs. 2.5 – 2.8 (VCE = 1.5 V, IB,th = 
22 mA) at bias current IB/IB,th = 1.5 for: (a) a comparison diode of resonator length L = 
400 µm (τB, spon = 100 ps), and transistor lasers of cavity length (b) L = 400 µm (τB,spon = 
2.5 ps) and (c) L = 150 µm (τB,spon = 2.5 ps). Note the diode 3 dB bandwidth of ~10 GHz 
(resonance limited) and the no-resonance transistor laser bandwidth (b) ~30 GHz and (c) 
~70 GHz. 
 
 
Fig. 2.10  Schematic energy band diagram and charge population distribution in (a) a   
p-i-n double heterojunction laser, and (b) an n-p-n heterojunction bipolar transistor laser.  
Note the tilted-charge population in (b) due to the zero-charge-density boundary 
condition imposed by the reverse-biased collector junction field.   
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Fig. 2.11  Calculated optical output waveform of a semiconductor laser for lifetime 
values (a) τB,spon = 250, (b) 50, (c) 10, and (d) 2 ps.  The steady state bias condition is IB = 
5 ITH, and the input step current excitation IB(“on”) – IB(“off”) = 2 ITH.   
 
Fig. 2.12  Calculated optical response function (Eq. 1) for the lifetime values τB,spon in 
Fig. 2.11. 
 28
 
Fig. 2.13  Measured and fitted optical response of a transistor laser showing absence of 
carrier-photon resonance owing to fast τB,spon.  Slight resonance (< 5 dB) is observed only 
at higher bias consistent with ξ ~ 1/(2ωnτB,spon). 
 
 
 
Fig. 2.14  Resonance-free response of the tilted charge diode laser with a short circuit of 
base to collector of transistor at all biases ranging from (a) IE = 50, (b) 70, and (c) 100 
mA.  The unfiltered eye-diagrams at 5 Gb/s obtained with IE = 70 mA and at 10.3 Gb/s 
obtained with IE = 100 mA.   
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3. OPTICAL BANDWIDTH, ELECTRON-HOLE RECOMBINATION 
DYNAMICS AND COLLECTOR CHARACTERISTICS  
 
3.1. First Order Perturbative Analysis of QW Dynamics  
 
The QW in the base-region of the HBT duplicates its role as a collector in the 
ordinary QW diode laser, governing and enhancing base radiative recombination as 
shown in Fig. 3.1.  Typical collector I-V and laser spectral characteristics are shown in 
Fig. 3.2.  Laser operation in the first excited state (λ = 980 nm) compared to operation in 
the ground state (7 GHz, λ = 1000 nm) achieves as much as a two times greater 
bandwidth.   
A first order perturbative analysis of the QW dynamics is developed to explain 
the large increase in the high-speed performance of the transistor laser operating on the 
first excited state (λ = 980 nm) compared to ground state (1000 nm).  The model shows 
that the bandwidth of the transistor laser (absent resonance peaks) increases as much as 
twofold when it shifts operation from ground to first excited state.  No assumption of 
upper subband state-filling is necessary in the calculation consistent with no pile-up of 
charge in the upper subbands because of the transistor boundary condition at the 
electrical collector of zero charge density (collector current IC ≠ 0) resulting in a tilted 
emitter-to-collector population distribution.  
The optical frequency response of the transistor laser (Eq. 2.7) is given as the 
small-signal solution of the modified coupled carrier-photon equations formulated by 
Statz and deMars,23 and is reproduced for reference as follows:26 
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where ∆IB is the small signal base current, ∆Pm is the small signal photon density, Po is 
the steady-state photon density, A is the device area, Γ is the optical confinement factor 
of the waveguide (cleaved to form a cavity), vg is the photon group velocity, q is the 
electronic charge, WB is the transistor laser base width, ∂g/∂N is the differential optical 
gain, τp is the photon lifetime, and τb is the spontaneous carrier lifetime.  For a transistor 
laser with no limiting resonance peak,26 the bandwidth at -3 dB, ω3dB, may be expressed 
as 
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The steady-state photon density Po is proportional to IB – IB,th, C1 is a constant of 
proportionality, and IB,th is the transistor laser threshold base current.  If ω3dB is plotted on 
a logarithmic scale, C1 is just the displacement on the y-axis.  
 A single QW is assumed with bound electron and hole states denoted by Ee,n and 
Eh,n, respectively (see Fig. 3.1).  To determine the differential optical gain, the gain for 
the nth QW lasing state, gn, at photon energies corresponding to the ground state 
recombination transition (hν0 = Ee,n=0 – Eh,n=0) and at the first excited state (hν 1 = Ee,n=1 – 
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Eh,n=1) is first calculated.  The expression for gn at temperature T is found by using 
Fermi’s Golden Rule, with k selection rule, and is 
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where C2 is a material constant, Fe and Fh are, respectively, the quasi-Fermi levels for the 
electron and hole populations, fe,c(Ee,n,Fe) and fh,v(Eh,n,Fh) are the Fermi distribution 
functions for electrons and holes, respectively, mr is the joint effective mass of electrons 
(me) and holes (mh) and is given by 1/mr = 1/me + 1/mh, Lz is the QW width and H(x) is 
the Heaviside function describing the staircase QW density of states.  The total 
population of electrons occupying the bound states is found by integrating the occupation 
probabilities and the density of the bound states over the entire range of possible 
energies, and is expressed as a function of the quasi-Fermi level, Fe, as 
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To first approximation, IB consists primarily of the spontaneous recombination, N(Fe)/τb, 
and the stimulated recombination, η(IB – IB,th), where η is the transistor laser optical 
output slope efficiency.  Hence, the base current IB is proportional to N(Fe) – No, where 
No is a constant related to η, τb, and IB,th.  It is then possible to map the computed values 
of N(Fe) or Fe at the corresponding values of IB by choosing two data points: One 
corresponds (Fig. 3.2) to the threshold of the ground state laser (IB = IB,th = 23 mA), and 
the other corresponds to the transition to the first excited state laser (IB = IB,trans = 60 mA). 
An expression for the differential optical gain may be found by taking the 
derivative of Eqs. 3.3 and 3.4 with respect to the electron quasi-Fermi level Fe, and using 
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the relation ∂g/∂N = ∂g/∂Fe · ∂Fe/∂N.  In the limiting case where mh >> me (heavy hole) 
and Fh not changing relative to Fe due to heavy base doping (∂Fh/∂Fe ~ 0), the differential 
gain for the nth lasing state is given approximately by 
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 Equations 3.2 to 3.5 are employed to calculate the bandwidths at the -3 dB point 
for a transistor laser with a single undoped QW in the p+ doped base (p+-GaAs/InGaAs/ 
p+-GaAs, QW Lz = 160 Å) and only three bound electron states at Ee,0, Ee,1, and Ee,2 (Fig. 
3.1).  In Fig. 3.3 the calculated values of ( )thBBn IINg ,−∂∂  (proportional to ω3dB, see Eq. 
3.2) are shown for the ground state (n = 0), and the first excited state transition (n = 1).  A 
comparison of the calculated and measured bandwidth of the transistor laser vs. IB is 
plotted in Fig. 3.4.  The measured collector I-V characteristics for the transistor laser used 
here for comparison with the calculation are shown in Fig. 3.2 with the corresponding 
laser spectra at dc bias VCE = 1.5 V and current bias (a) IB = 30 mA, (b) 50, (c) 70, and (d) 
90, showing the transition in laser operation from the ground to first excited state.  The 
notch in the calculated curve corresponds to the transition (at IB = IB,trans = 60 mA) in the 
small-signal optical modulation from the ground state (λ = 1000 nm) to first excited state 
laser (λ = 980 nm), i.e., the point where the differential optical gain ∂g1/∂N = ∂g0/∂N 
(Fig. 3.3).  Beyond the transition point the optical gain, gn, at both wavelengths must also 
exceed the laser threshold, which is primarily determined by the device structure and 
cavity loss.  The model shows that the bandwidth gradually increases by as much as two 
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times from the transition point (IB = IB,trans, ∂g1/∂N = ∂g0/∂N) to the region (IB = IB,sat) 
where ω3dB peaks and then saturates.  This is consistent with the experimental data5 
shown in Fig. 3.4 where ω3dB = 7 GHz (transition point, IB = IB,trans = 60 mA) and 
increases to ω3dB = 13.5 GHz (IB = IB,sat = 100 mA).   
It is important to note that in order to explain the 2x increase in the bandwidth of 
the transistor laser, it is not necessary to involve more states than the three bound electron 
states of the base QW, which is the competing second collector, the optical collector, and 
thus the second output port of the transistor laser.  Therefore, no upper subband state-
filling is assumed in the calculation.  This is consistent with no pile-up of charge in the 
upper subbands because of the transistor boundary condition at the electrical collector of 
zero charge density (IC ≠ 0), insuring a tilted emitter-to-collector base population 
distribution7 (Fig. 3.1) and only fast recombination able to compete with a fast collector.   
 
3.2. Collector I-V Characteristics and the Differential Optical Gain  
The collector electrical characteristics (I-V) of a transistor laser manifest directly 
the transport and recombination dynamics of the vital QW base region, including, as 
described here, QW recombination state changes.  By employing the continuity equations 
and an extension of the classic charge control model, the differential optical gain of a 
single QW transistor laser showing the QW state changes is extracted from the dc I-V 
characteristics.  The results agree in form with calculations employing Fermi’s Golden 
Rule and the staircase density of states of a QW.   
The transistor laser has demonstrated, based on spectral data, and electrical 
characteristics, laser operation both on the QW ground state (λ = 1000 nm) and on the 
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first excited state (λ = 980 nm).  The laser threshold for the ground state and the shift 
from the ground to the first excited state can be observed from the collector I-V 
characteristics by observing where the changes occur in the compression region, which 
are evident in Figs. 3.5 and 3.6.  The electrical characteristics of a transistor laser act as a 
sensitive read-out of the QW recombination dynamics occurring in the base.  Here, it is 
shown how the collector I-V characteristics can be used to extract the differential optical 
gain, a key parameter in the high-speed performance of a laser.    
The transistor lasers used for this study employ a single undoped QW (p+-GaAs / 
InGaAs / p+-GaAs, QW Lz = 160 Å) in the p+ doped base of width, WB = 880 Å.  For the 
transistor laser (a three-terminal device), carrier injection into the base region is provided 
by the emitter current, IE, while the photon output is the result of the QW electron-hole 
recombination in the base region supported by the base current, IB, base recombination 
being an essential feature of transistor operation.  The three-terminal transistor laser is 
fundamentally different from a two-terminal device, a diode (single p-n junction), where 
the injection current is carried totally by recombination.  There is no third terminal and 
collector current “competition.”  In the transistor laser the collector current, IC (IE = IB + 
IC) is the fraction of emitter current collected at the reverse-biased base-collector 
junction, with the remainder IB supplying base recombination radiation.  The continuity 
relation for the base charge population in the presence of both the spontaneous and 
stimulated recombination processes (a modification of the rate equations formulated by 
Statz and deMars, 1960)26,28 is rewritten as 
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where N is the base charge population density (electrons), JE is the emitter (injection) 
current density, JC is the collector current density, q is the electronic charge, τB,spon is the 
lifetime of spontaneous recombination, Rst = ΓvggP is the stimulated recombination rate, 
Γ is the optical confinement factor of the medium, vg is the photon group velocity, g is 
the optical gain, and P is the cavity photon population density.  By imposing the 
condition dN/dt = 0 and relating the incremental change in the base current density, δJB, 
and the base population, δN,  
N
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For our purposes here, an ideal light intensity-base current (L-IB) characteristic is 
assumed.  Nonlinearity near the threshold base current is not a crucial consideration for 
the present study.  By employing in Eq. 3.7 the relationship vgαmPVopt = ηext (IB – IB,th)/q 
(which relates the steady-state cavity photon population density, P, to the effective 
optical mode volume, Vopt, the external quantum efficiency, ηext, the mirror loss, αm, the 
base current, IB, and the threshold base current, IB,th), an expression is obtained for the 
effective differential laser output with respect to a change in the carrier density, δN, or  
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In Eq. 3.8, τB is the effective base carrier lifetime in the presence of both stimulated and 
spontaneous recombination and may be extracted from the collector I-V characteristics of 
the transistor laser by employing the continuity equations and charge control model 
developed previously.26  In the case of multi-mode operation of transistor lasers 
employing a Fabry-Perot laser design, the effective differential laser output is interpreted 
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as a weighted average which includes the side modes (lower power intensity).  Equation 
3.8 shows immediately that τB is inversely related to the Q-factor of the cavity via the 
mirror loss αm.  An enhanced cavity Q (reduction in mirror loss, αm) results in a faster 
overall lifetime, τB, which is manifest in a larger compression in the I-V characteristics of 
the transistor laser as has been experimentally observed by comparing the as-made 
transistor laser with its operation Q-spoiled or Q-enhanced.35,36 
For comparison the optical gain for the nth QW lasing state, gn, at photon energies 
corresponding to the ground state recombination transition (hν0 = Ee,n=0 – Eh,n=0) and at 
the first excited state (hν 1 = Ee,n=1 – Eh,n=1) is calculated by using Fermi’s Golden Rule 
with k-selection rule, where the QW energy states are denoted by Ee,n and Eh,n, 
respectively.  The expression for gn at temperature T is found in Eq. 3.3.  The population 
density of electrons occupying the QW states is expressed as a function of the quasi-
Fermi level, Fe in Eq. 3.4, while the expression for the differential optical gain is given 
by Eq. 3.5.  The gain and differential gain calculated from a consideration of the QW 
energy states, the staircase density of states, and Fermi’s Golden Rule are shown in Fig. 
3.7.  The value of the constant ΓC2 is obtained by fitting the bandwidth of the calculated 
optical response at -3 dB, ω3dB (a transistor laser free of a resonance peak), to the actual 
modulation bandwidth of the transistor laser using the relation37 ω3dB ≈ 1.32 {vg Γ (dg/dN) 
P / τp}1/2, which gives 3.02 x 10-16 cm2 eV.  Note that in principle ΓC2 can be calculated 
but it is much more convenient to treat it as an adjustable parameter which includes the 
overall effects due to extrinsic parasitics such as junction capacitance.  The value of ΓC2 
obtained therefore establishes a lower bound for the effective differential gain of the 
transistor laser.  For typical values of Γ ≈ 5% to 10%, the magnitude of the differential 
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gain dg/dN for a transistor laser is about 102 times that of a single QW double 
heterostructure diode laser (~10-16 cm2),38 and 10 times that of a strained-layer single QW 
diode laser (~10-15 cm2).39 
 For comparison with values of the differential laser output extracted using Eq. 
3.8, the quantity 1/(vgP)·d(ΓvggP)/dN is calculated using the expressions for g and dg/dN 
given by Eqs. 3.3 and 3.5, respectively.  As shown in Fig. 3.8, the calculated values agree 
in form with the corresponding values extracted from the collector I-V characteristics.  
This is further verified by establishing it at one bias, say, VCE = 1.5 V (Fig. 3.5), and then 
for consistency checking it again at other biases (e.g., confirmed at VCE = 0.9 to 1.9 V).  
Some deviations from the calculations are expected because of heating and device 
imperfections, as well as the fact that higher order scattering and relaxation processes 
(fine structure in the I-V characteristics) have been ignored.   
Concluding, a transistor structure gives us the capability to measure, 
conveniently, input and output currents, IE, IB and IC, which allows direct access, via the 
uniqueness of the collector I-V characteristics (the flexibility of three terminals), to the 
important dynamical quantities of carrier lifetime,40 base transit time and, as shown here, 
the differential optical gain of a transistor laser.   
 
3.3. Optical Bandwidth Enhancement by Trade-Off of Electrical and Optical Gain 
The transistor laser operating simultaneously as a transistor and a laser, provides 
both a high impedance output with current gain, β(=IC/IB), at the base-collector junction 
and laser emission from stimulated base electron-hole recombination.  It exhibits and 
gives access uniquely to two forms of gain, electrical and optical.  In the present chapter, 
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the trade-off between collector current gain and the differential optical gain in a QW base 
heterojunction bipolar transistor laser is studied and shown to make possible, because of 
the gain trade-off, improved optical bandwidth.  This is possible only with a three-port 
electrical-optical active device, which in the case of the transistor laser is a consequence 
of the photon-carrier interaction occurring in conjunction with emitter-to-collector carrier 
transport in competition with base recombination.  The nature of the photon-carrier 
interaction and gain trade-off in a transistor laser can be described analytically by 
modifying and extending the Statz-deMars coupled photon-carrier rate equations.28 Based 
on the calculated gain trade-off and third terminal device control, significant 
improvement in the optical modulation bandwidth of the transistor laser is achieved. 
The devices studied here are similar to those employed in the previous chapters 
except that they have a cleave-to-cleave emitter-base cavity length of 200 µm.  The p-
type base region similarly contains an active InGaAs QW of width Lz ≈ 120 Å.  The 
recombination outside the QW (p-GaAs) is negligible compared to the recombination in 
the QW region.  By considering the continuity condition applied to the base population 
number at the QW active region (N of Fig. 3.9), and the cavity photon population 
number, NP, the Statz-deMars rate equation is modified as 
Pg
sponB
CE gNΓvN
q
I
q
I
dt
dN −−−=
,τ ,          (3.9) 
where IE and IC are the emitter and collector currents, τB,spon is the effective spontaneous 
carrier lifetime, vg is the photon group velocity, g is the laser optical gain, and the optical 
confinement factor Γ = Vactive/Vopt.  Vopt is the effective optical mode volume, and Vactive is 
the effective volume of the active QW region.  To simplify the analysis only a single 
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laser mode is considered; hence, higher order effects such as the transition in operation to 
the first excited state are ignored.  Equation 3.9 for dN/dt = 0 is written in differential 
form and for the optical gain gives the expression 
Pg
active
ig
sponBB Nv
VgΓvΓg 


 −−= ηττ ,
11' ,       (3.10) 
where g’ =  ∂g/∂n is typically defined in terms of carrier density at the active volume 
(QW) with n = N/Vactive.  To arrive at Eq. 3.10, the following substitutions have been 
used: the quantum efficiency is ηi = ∂NP/∂N and the effective recombination current is 
δIE − δIC = qδN/τB, where τB is the effective carrier lifetime including the effects of both 
stimulated and spontaneous recombination.  From transistor charge analysis, τB is related 
to the carrier transit time from emitter-to-QW, τt,2, and to the tilted emitter-to-collector 
base population by the relation 1/τB = 1/τbulk + κ/τt,2, where κ = Q2/(Q1+Q2) defines the 
proportion of injected carriers transported to the QW and τbulk is the recombination 
lifetime of carriers in the region outside the QW.  Q1 and Q2 are the carrier populations 
that transport carriers to the reverse-biased base-collector junction and to the QW, 
respectively (Fig. 3.9).  Since the recombination radiation emission outside of the QW 
may be considered negligible (i.e., τbulk >> τt,1, τt,2), the fraction κ is related to the current 
gain, β = IC/IB, of the transistor laser by noting that IC = Q1/τt,1 and IB = Q2/τt,2.  The 
transit times are given by τt,1 = WEC2/2D, and τt,2 = WEQW2/2D, where WEC is the emitter-
to-collector distance and WEQW is the emitter-to-QW distance.  For D = 26 cm2/s, WEC = 
880 Å and WEQW = 590 Å, τt,1 = 1.5 ps and τt,2 = 0.67 ps.  The fraction κ is given by  
( ) 11 2 +≈ EQWEC WWβκ ,         (3.11) 
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and 
( ) 2,2
1
1
11
tEQWECB WW τβτ 



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+≈ .        (3.12) 
To obtain values of the differential optical gain, Γg’, the L-I relation vgαmNP = 
ηext(IB-ITH)/q is substituted into Eq. 3.10 to express NP in terms of quantities that may be 
obtained experimentally.  The factor αm is the distributed mirror loss, ITH is the threshold 
base current, and ηext is the external quantum efficiency.  With these substitutions, Eq. 
3.10 becomes 
( ) ( ) 2,,2,2
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Equation 3.13 exhibits the gain trade-off relation where a reduction in β 
accompanies an increase in the differential optical gain, Γ g’.  By substituting the 
expression for the optical modulation bandwidth at -3 dB, optpPgopt VNgvf τπ '2
32.1 Γ≈  
(Eq. 3.2), Eq. 3.13 is expressed in a form convenient to use to extract the values of the 
numerical constants Γ/τt,2τp and τt,2 (1/τB,spon + Γvggηi) from experimental data.  This 
yields 
( ) ptigsponBtEQWECopt gvWWf ττηττβπ 2,,2,2
2
2 1
1
1
2
32.1 Γ







 Γ+−+

≈ .      (3.14) 
The data for optical bandwidth, fopt, of interest here are obtained by direct 
modulation of a transistor laser.  The transistor laser is operated in its normal active 
mode, i.e., with its base-collector junction in reverse-bias.  The gain β, in general, varies 
as a function of bias IB and VCE, and is obtained directly from the collector I-V 
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characteristics.  A straight-line, linear least-squares fit to the measured data, fopt2 vs. 1/[ 
β(WEC/WEQW)2 + 1], yields the values for the constants in Eq. 3.14 (Fig. 3.10a).  The plot 
of fopt2 vs. β in Fig. 3.10b using the constants obtained from the least-squares fitting is 
consistent with the measured data.  Some deviations are expected due to the simplifying 
assumptions made in arriving at Eqs. 3.10-3.12, and device limitations such as lateral 
resistance and loss, nonlinear effects, etc., that are not accounted for.  Equation 3.14 
implies that a transistor laser system (of a given layer structure and design) with a larger 
intrinsic current gain, β, would inherently have more “room to trade” for improvement in 
the optical bandwidth.   
Using the values of the constants obtained from Fig. 3.10, the differential gain Γg’ 
vs. the current gain β is calculated and plotted in Fig. 3.11a.  In the same figure, the 
experimental results are plotted showing that fopt is improved from 10.5 to 22 GHz by 
using an external low-frequency auxiliary base-biasing signal to reduce the gain β from 
1.3 to 0.5, conveniently making possible trade-off in electrical and optical gain, and the 
increase in fopt.   
In this experiment, an auxiliary base signal, in addition to the usual DC external 
bias, is used to enhance the transport of carriers to the QW, thus increasing (stimulated) 
radiative recombination and improving the optical bandwidth of the transistor laser.  
Applying an electrical AC auxiliary base signal to a transistor laser allows us to achieve a 
faster stimulated recombination rate (higher peak photon operation and output), shorten 
the base carrier lifetime (reducing β and increasing laser differential gain), and hence, 
manipulate the transistor laser into higher speed performance.  This technique, applicable 
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only in a three-terminal device configuration, is much more convenient in comparison to 
optical methods that manipulate the laser cavity Q.   
Although both the electrical and optical collector perform the similar function of 
carrier collection, their response times to the injection current (emitter current, IE) differ 
because of the difference in the transport time for carriers to reach each collector and the 
different junction parasitics (emitter-collector device size asymmetry).  In the emitter-up 
form of HBT construction, the collector cross-section (area) is usually significantly larger 
than the emitter cross-section.  The asymmetry results in a sizeable base-collector (BC) 
junction capacitance, Cjc, incurring a large charging delay time.  The transistor electrical 
delay time, τEC = τt,1 + Cje/gm + (RE + RC + 1/gm)Cjc + τC, where τt,1 and τC are the base 
and collector transit times respectively, Cje and Cjc are, respectively, the EB and BC 
junction capacitances, gm = dIC/dVBE is the transistor transconductance, and RE and RC 
are, respectively, the EB and BC resistances.  Treating the base QW as an optical 
collector and removing the terms associated with the BC junction, the transistor laser 
optical delay time, τEQW = τt,2 + Cje/gm, where τt,2 is the emitter-to-QW transit time over a 
distance WEQW.  For the transistor laser of this work, τEQW and τEC are dominated by 
junction capacitance charging delays.  The times τEC = 240 ps and τEQW = 4 ps are 
determined from measured microwave S-parameters and the transit time values τt,1 = 
WEC2/2D and τt,2 = WEQW2/2D (D the diffusion constant in Table 3.1).  The distance from 
emitter to the electrical collector is WEC = 880 Å, and emitter-to-QW collector WEQW = 
590 Å.   
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Table 3.1  Values of key device parameters. 
 Cje (pF) 
Cjc 
(pF) 
RE 
(Ω) 
RC 
(Ω) 
τbulk 
(ps) 
τt,1 
(ps) 
τt,2 
(ps) 
D 
(cm2/s) gm (S) 
Γ∂g/∂N without 
auxiliary signal 
(10-15 cm2) 
Γ∂g/∂Nwith 
auxiliary signal 
(10-15 cm2) 
Value 1.5 15 5.5 8 190 1.5 0.7 26 0.47 3.6 7.2 
 
It is clear that the optical collector can respond faster than the electrical collector.  
Therefore, the overall response time of the system can be enhanced by increasing the rate 
of recombination (stimulated) at the QW.  This should then be manifest as a compression 
in the collector I-V characteristics or reduction in the β (= ICO/IBO).41  Experimentally, 
there are numerous ways to achieve this, one of which is to increase the Q of the cavity.42  
Here, a convenient electrical method is used, a low-frequency AC auxiliary base signal, 
in order to peak the photon output and reduce the electrical β of the transistor laser.  The 
AC signal is applied in addition to the usual base bias current, IBO, and collector-emitter 
voltage, VCEO, as shown in Fig. 3.11.  The resulting collector I-V characteristics and fiber-
coupled peak optical output characteristics with and without the AC auxiliary signal are 
shown in Figs. 3.12 and 3.13, respectively.  The typical device optical output per facet is 
1.2 mW at IBO = 40 mA.  With the AC auxiliary base signal, IB rises and falls and the 
photon output of the transistor laser peaks following the peak of IB (point A in Fig. 
3.12b).  Here, an additional effect unique to transistor operation is at play.  The AC 
output collector signals, ic and vce, are constrained to vary along a 50 Ω termination load-
line, whose maximum and minimum amplitudes are limited by the transistor saturating at 
point A and cutting off at point B (Fig. 3.12b).  IC is thus “clipped” as is shown by the 
pulse-like VCE waveform despite an input IB that is purely sinusoidal (Fig. 3.12c).  The 
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average collector operating current, ICO, is therefore reduced (from O1 to O2 in Fig. 
3.12b), while the same supply of recombination current (IBO) is maintained.  
Consequently, with the applied AC auxiliary base signal, β decreases from βDC = 1.3 to 
βAC = 0.5.  The frequency of the AC auxiliary signal is thus chosen to maximize the 
amplitude of IB (for peak photon output) and VCE (for reduction of ICO).  The reduction of 
β from βDC to βAC results in an increase in the proportion of injected carriers (IEO) that are 
channeled to the faster QW collector (IBO) and enhances the laser differential gain, which 
is defined as the measure of the coherent photons generated per unit length per injected 
carrier.43,44  
To illustrate bandwidth improvement, the continuity condition is applied to the Q1 
and Q2 populations and by incorporating the effects of transit and junction charging 
delays, we obtain d(Q1+Q2)/dt = IE – Q1/τEC – Q2/τEQW – (Q1+Q2)/τbulk, where τbulk is the 
bulk recombination lifetime in the GaAs region (outside of QW).  By eliminating Q1 in 
favor of Q2, dQ2/dt = κIE – Q2/τ, and  
( )κττκττ
τ
−


 ++


 +
=
11111
1
bulkECbulkEQW
,      (3.15) 
where τ defines the effective base carrier lifetime, i.e., the average time an injected 
carrier (electron) “survives” in the base region before it recombines with a hole in the 
QW or is swept out by the reverse-biased field of the BC junction.  An increased κ (from 
κDC to κAC) means that more carriers are “channeled” to the faster QW collector (τEQW < 
τEC), and τ speeds up by 1.6 times from 13 ps to 7.6 ps for the transistor laser of this 
work.   
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 By considering the small-signal variations in Q2 (= Q2O + q2 ejω ) and IE (= IEO + iE 
ejω ), the 3 dB bandwidth, f3dB = 1/(2πτ).  The analysis is further developed to include 
photon-carrier interaction, and gives as the laser modulation response function   
( )
( ) ( ) 



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=
1
2
1
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f
j
H
i
p
π
ωωω
ω ,         (3.16) 
where H(ω) is the intrinsic laser response described in Eq. 2.7.  The bandwidth of the 
intrinsic laser is determined by the square-root of the laser differential gain, ∂g/∂N and 
photon density, Po.  The intrinsic bandwidth is then reduced by the effects of junction 
parasitics via the pole at f3dB in the response function of Eq. 3.14.  In the transistor laser, 
the laser differential gain is conveniently extracted from β (Chapter 3.2).  From the 
definition of laser differential gain, the enhancement of κ, i.e., the 1.8 times improvement 
in the transport of injected carriers to the QW collector, will result in a similar increase in 
laser differential gain because of an increased proportion of injected carriers participating 
in the generation of photons.  Using the parameters in Table 3.1, the optical response of 
the transistor laser gives bandwidths, f3dB = 21 GHz employing an AC auxiliary signal 
and 12 GHz under DC bias.  This agrees well with the measured optical frequency 
response of the transistor laser shown in Fig. 3.14.   
The improvement in speed is not connected with issues of threshold per se.  
Under the application of the auxiliary AC signal, the measured peak threshold base 
current agrees with ITH, the threshold current under DC or CW operation.  At a DC 
operating bias of IBO = 40 mA (VCEO = 1.5 V), the transistor laser operates with a peak 
(fiber-coupled) photon intensity, Ppeak,AC = 110 µW, 1.6 times higher than under DC bias 
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alone (Ppeak,DC = 70 µW).  This is consistent with the finding that laser threshold remains 
unchanged.     
 Γg’ is obtained by an alternative procedure of fitting the measured frequency 
response over a range of microwave frequencies (2 – 20 GHz) to the expression in Eq. 
3.16.  The differential optical gains obtained are Γg’AC = 7.2x10-15 cm2 with, and Γg’DC = 
3.6x10-15 cm2 without, the effect of the auxiliary bias signal (curve 1 of Fig. 3.15b).  The 
response assuming no gain trade-off in the model (i.e., the gain-clamped, β and Γg’ fixed 
during laser operation) is plotted as curve (2) in Fig. 3.15b.  Curve (2) based on the usual 
theoretical treatment of carrier-photon laser dynamics, where the bandwidth is enhanced 
by a higher photon density but the differential optical gain is fixed (clamped), does not 
explain the observations.  The experimental observations agree well only if we use the 
gain trade-off model (curve 3 of Fig. 3.15b) described here leading to Eq. 3.14.    
Concluding, in the three-terminal transistor laser the current gain, β, may be 
traded for improvement in the differential optical gain and consequently in the optical 
bandwidth.  Unique to the transistor laser, i.e. trade-off of one gain for another (Eq. 3.13), 
a reduction in the electrical gain, β, complements and yields an increase in the differential 
optical gain, Γ g’.  The two gains, electrical and optical, are coupled.  This can be 
confirmed using an external low-frequency auxiliary base signal to reduce the gain β, 
thus increasing the base recombination, the photon density, and enhancing the optical 
bandwidth.  Note that gain trade-off is a much more convenient way to increase the 
cavity photon population than optical methods such as Q-switching.  The transistor laser 
capability to trade-off current gain for optical gain and bandwidth provides an 
opportunity for greater design flexibility in optoelectronics and, in addition, circumvents 
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(with a tilted dynamic emitter-to-collector carrier population) the bandwidth limitations 
of a gain-clamped carrier-population photon-density resonance. 
 
 
 
3.4.  Figures 
 
 
Fig. 3.1  Schematic band diagram of a transistor laser illustrating the tilted injected base 
charge distribution established by the usual electrical collector function (IC ≠ 0) and a 
competing secondary QW optical collector, providing fast recombination (spontaneous 
and stimulated) on the QW transitions shown. 
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Fig. 3.2  Transistor laser collector I-V characteristics and laser spectra at VCE = 1.5 V 
corresponding to bias points: (a) IB = 30 mA, (b) 50, (c) 70 and (d) 90. 
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Fig. 3.3  Calculated values of the gain expression ( )thBBn IINg ,−∂∂  (proportional to ω3dB) 
of a transistor laser operating on the ground state (n = 0), and the first excited state 
transition (n = 1), for increasing base current from laser threshold IB,th = 23 mA to IB = 
100 at fixed VCE bias.  The recombination transition from ground state to first excited 
state laser operation corresponds to ∂g0/∂N = ∂g1/∂N, and the gain exceeding laser 
threshold.  Solid points (a) and (b) correspond to the ground state and (c) and (d) to first 
excited state laser operation (see Fig. 3.2). 
 
        
Fig. 3.4  Measured and calculated small-signal bandwidth at -3 dB of a transistor laser 
with a single undoped base QW (p+-GaAs/InGaAs/ p+-GaAs, Lz = 160 Å) for three bound 
electron states, and increasing base current from 30 to 100 mA.   
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Fig. 3.5  The collector I-V characteristics of a transistor laser with a single base QW 
showing the region of gain compression above the threshold base current for the ground 
state laser, IB,th = 26 mA (VCE = 1.5 V), and the transition from the ground to the first 
excited state laser at base current IB,trans =  52 mA. 
 
 
Fig. 3.6  The differential current gain, β (= ∆IC/∆IB), of the transistor laser of Fig. 3.5 
identifying the regions of compression with the abrupt reduction in β at IB,th = 26 mA and 
IB,trans =  52 mA (VCE = 1.5 V).  Similar behavior is obtained at other biases VCE = 0.9 to 
1.9 V. 
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Fig. 3.7  The calculated optical gain and the corresponding differential gain of a QW 
transistor laser for the ground state and first excited state transitions assuming an ideal 
staircase density of states.  The base threshold current is denoted by IB,th, while IB,trans 
denotes the range of base current where both ground and first excited state transitions are 
observed.  The threshold gain is shown as Γgth.  
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Fig. 3.8 The differential laser output, 1/(vgP)·dRst/dN, extracted from the I-V 
characteristics of the transistor laser of Fig. 3.5 plotted assuming the mirror loss, αm =  29 
cm-1, and external quantum efficiency, ηext = 0.10.  This is compared to the calculated 
values of 1/(vgP)·d(ΓvggP)/dN obtained from Eqs. 3.3 and 3.5.  The abrupt increase at 
IB,trans =  52 mA reflects the staircase density of states of the single QW as the laser makes 
the transition from the ground to first excited state. 
 
Fig. 3.9 Charge analysis of the base minority carrier density of a transistor laser 
illustrating the continuity condition applied to the minority carrier population number at 
the base QW active region.  The arrows IE, IB, and IC denote the flow of minority carriers 
(electrons). 
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Fig. 3.10 Plot of fopt2 vs. β of the transistor laser of Ref. 17.  To obtain the data points (β, 
fopt2), the bias conditions (IB, VCE) are varied with the BC junction (VCB > 0) in usual 
reverse bias.  The least-squares fit to Eq. 3.14 (solid line) yields the values (1.32/2π)2 
Γ/τt,2τp = 1.6 x 103 GHz2 and τt,2 (1/τB,spon + Γvggηi) = 0.17 (unitless).   
 
 
Fig. 3.11 Experimental method to apply a low-frequency auxiliary signal (1 – 10 MHz) to 
improve the optical response (2 to 20 GHz) of a transistor laser. 
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Fig. 3.12 The collector I-V characteristics of a transistor laser under (a) DC bias and (b) 
with an AC auxiliary signal (9 MHz, 13 dBm) superimposed on the I-V characteristics of 
(a).  The current gain is βAC = ICO,AC/IBO < βDC = ICO,DC/IBO.  In (c) the time-varying 
collector output waveform, VCE, and the corresponding base input, IB, are shown with the 
shaded region indicating laser operation at IB > ITH.  The operating points A and B 
correspond to transistor electrical saturation and cut-off.  O1 and O2 are the steady-state 
DC operating conditions under the biases of (a) and (b). 
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Fig. 3.13  Transistor laser peak optical output power (fiber-coupled) and spectral 
behavior for biases (a) and (b) of Fig. 3.12.  At laser threshold with the auxiliary signal, 
ITH,AC is 6.5 mA, and the peak base current measured with a current probe is 18.5 mA, 
which agrees with the threshold current, ITH.  The shift in transistor laser base QW 
transitions between ground (λ = 989 nm) and first excited state (λ = 966 nm) have been 
discussed more thoroughly in Chapter 3.1. 
 
 
Fig. 3.14 Optical modulation response of the transistor laser of Figs. 3.12 and 3.13 with 
and without an AC auxiliary signal.     
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Fig. 3.15 (a) Plot of the calculated differential optical gain vs. current gain of a transistor 
laser using Eq. 3.12 and the experimental values αm = 59 cm-1, ITH = 19 mA, ηext = 16%, 
Vactive = 6.7x10-12 cm3 (emitter width ≈ 3 µm), and steady-state conditions with IB = 40 
mA, and VCE = 1.5 V.  (b) Transistor laser measured optical response and the 
corresponding calculated response for: (1) the DC bias case of no auxiliary AC bias 
signal, (2) the reference AC bias case assuming in the model no gain trade-off, and (3) 
the AC bias case of the differential optical gain enhanced with auxiliary biasing and gain 
trade-off.  
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4. TUNNEL JUNCTION TRANSISTOR LASER 
 
4.1. Electrical-Optical Characteristics of a Tunnel Junction Transistor Laser 
In the previous chapter, the collector of the transistor laser forms an important and 
integral part of the device operation.  Its close proximity to the active base region gives 
the transistor collector a role as a direct read-out of the transport and recombination 
dynamics in the base and QW.  In the present work, high p+ and n+ tunnel-junction 
doping45,46 can be employed at the collector to enable the laser operation to be more 
effectively controlled by changes in bias (voltage), which makes possible a direct 
(circuit) scheme of voltage modulation in addition to the usual one of current modulation.  
Moreover, as shown elsewhere,47 the recombination optical signal, via internal Franz-
Keldysh (FK) absorption,48 causes voltage-dependent breakdown and negative resistance 
in the transistor laser collector characteristics. 49   These properties are particularly 
advantageous in signal processing.  The collector tunnel junction is an additional source 
of hole re-supply to the base, and to recombination, complementing and competing with 
the usual base current IB.  The collector tunnel junction leads to a sensitive region, a 
voltage-dependent “sweet spot,” in the laser operation.  A tunnel junction can be used to 
enhance transistor laser operation, and simultaneously it can be quenched by photon-
assisted (FK) tunneling, thus adding significantly to transistor laser flexibility and use. 
The n-InGaP/p+-GaAs/n+-GaAs tunnel junction HBT layer structure of the present 
work, and a comparison n-InGaP/p+-GaAs/n--GaAs HBT structure without a collector 
tunnel junction are grown by MOCVD.  The tunnel junction HBT structure consists of: a 
40 nm In0.49Ga0.51P emitter, Si-doped to 3x1017 cm-3; an 85 nm GaAs base, C-doped to 
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1x1019 cm-3; a single undoped 15 nm In0.15Ga0.85As base-region QW at wavelength, λ ≈ 
980 nm, and a 40 nm GaAs collector, Si-doped to 7x1018 cm-3.  The comparison HBT-
transistor laser structure is essentially identical to the tunnel junction HBT structure 
except its collector is a 60 nm GaAs layer, Si-doped to 2x1016 cm-3.   The cleave-to-
cleave emitter-base (EB) cavity length is 400 µm.   
Figure 4.1 shows the schematic band diagram of the tunnel junction transistor 
laser with all the key physical processes labeled.  IE is the emitter current (minority 
current in the base) with the junction in forward bias; IB is the re-supply of holes by the 
usual base ohmic contact; IfkT is the re-supply of holes by the FK photon-assisted 
tunneling; IrT represents the re-supply of holes via the direct tunneling of electrons; and It 
is the usual minority carrier current of injected electrons that do not recombine in the 
base and are collected.  The collector current IC consists of the usual transport component 
across the base It,  the Franz-Keldysh portion IfkT, and the direct tunnel junction current 
IrT, or 
IC = It + IrT + IfkT.             (4.1)  
The base recombination current, IBr, is expressed as the sum of the hole components, or 
IBr = IB + IfkT + IrT.            (4.2) 
Figure 4.2 shows the collector I-V characteristics of (a) the tunnel junction 
transistor laser, and (b) the comparison transistor laser of lesser collector doping and no 
tunnel junction.  The forward-active mode of the tunnel junction transistor laser operation 
(i.e., the base-collector junction in reverse bias) is indicated by the collector current, IC, 
being nearly constant (i.e., flat) despite further increase in VCE above the “knee” voltages 
of 0.4 V (IB = 56 mA) to 0.8 V (IB = 80 mA).  The effects of collector tunneling (Fig. 
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4.2a) are evident from the upward slope in the collector current, IC vs. VCE, that otherwise 
would be relatively flat (see Fig. 4.2b for comparison).  In the comparison transistor laser, 
collector tunneling is negligible; hence, IC ≈ It (usual collector current).  However, in the 
tunnel junction transistor laser, IC increases as a function of VCE owing to the various 
tunneling components (Eq. 4.1).   In the presence of a stimulated-emission optical field 
and laser operation of the tunnel junction transistor laser, the tunneling process occurs 
predominantly via Franz-Keldysh (photon-assisted) absorption (IC ≈ It + IfkT).  Direct 
tunneling (not photon-assisted) can be observed at higher VCE biases (IC = It + IfkT + IrT).   
The collector I-V characteristics of the tunnel junction transistor laser agree in 
form well with its optical output, with the LI-V characteristics shown in Figure 4.3.  In 
the operation of the tunnel junction transistor laser under weak collector junction field 
(left region 1 of Fig. 4.3), collector tunneling (photon-assisted, IfkT > 0) enables the 
efficient supply of holes to the QW active region, and thus improves the laser optical 
output to twice that of the comparison transistor laser.  The holes supplied by collector 
tunneling need only relax a distance of ~30 nm (from collector to the base QW), as 
opposed to the lateral distance of 5 µm traversed by holes supplied by the base ohmic 
contact (IB).  The photon absorption resulting from the weak collector junction field is not 
sufficient to overcome the photon gain established by emitter and base carrier injection 
(IE, IB > 0).  However, under stronger reverse-biased collector junction field (region 2 of 
Fig. 4.3), optical output is reduced and subsequently quenched by Franz-Keldysh 
absorption.  The collector tunnel junction thus enables the laser output to be controlled 
effectively by the use of a third terminal control voltage.  Despite relying on only the 
bulk FK effect, the proximity of the collector tunnel junction to the photon generation 
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center (QW), and the strong coupling of the tunneling process to the cavity optical field, 
makes possible an effective direct voltage modulation mechanism.  This enables the 
tunnel junction transistor laser to be directly modulated via a current (δIE, δIB) as well as 
by voltage control (δVCE, δVBC). 
 Moreover, in transistor form, the collector tunnel junction adds (for laser 
operation) a new dimension to the design and choice of input impedance matching for 
maximum power transfer.  In comparison to the transistor laser, the effective input 
impedance “looking into” the CE-input port of the tunnel junction transistor laser is not 
necessarily large when the BC junction is reverse-biased, because the collector tunnel 
junction provides, in effect, a low-resistance (tunnel) path for current flow (IfkT and IrT).  
For the common-emitter tunnel junction transistor laser (common-collector and common-
base configurations are also possible), microwave S-parameter measurements yield for 
the impedance a magnitude of 3 – 6 Ω for the BE-input port, and 25 – 30 Ω for the CE-
input port.  The higher CE-input port impedance is more suited for high frequency signal 
matching (50 Ω standard) and voltage-controlled modulation.  This is a major advantage 
of the three-terminal transistor laser compared to a two-terminal device, for improvement 
in signal processing.  
Figure 4.4 shows the modulation characteristics of a common-emitter tunnel 
junction transistor laser at two different biases.  The biases are chosen so as to maintain 
the same photon output in each case.  A resonance-constrained modulation response with 
photon-carrier relaxation oscillation at frequency fR is obtained with the BC junction 
forward biased in Fig. 4.4 (a).  In this mode of operation, the tunnel junction transistor 
laser is biased in saturation (i.e., two forward biased p-n junctions) as is identified in the 
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regime before the knee of the I-V characteristics of Fig. 4.2 and operating in region (1) of 
Fig. 4.3.  However, when the tunnel junction transistor laser is operated in the forward-
active mode (region 2 of Fig. 4.3), the modulation response is absent the resonance, 
extending the usable bandwidth to the 3 dB bandwidth f3dB.  The tilt in the base charge 
population, imposed by the boundary condition at the reverse-biased BC junction, 
removes the (saturated) charge pile-up and, together with the voltage-controlled photon 
absorption (FK tunneling) at the collector, contributes to the relatively flat response (b) of 
Fig. 4.4.  The performance of the tunnel junction transistor laser employed for the present 
work is still limited by its large geometry and its prototypical layer structure, resulting in 
undesirable parasitic delay elements. 
 
4.2. Signal Mixing and Frequency Multiplication with a Tunnel Junction Transistor 
Laser 
A tunnel collector junction thus provides an enhanced means for voltage-
controlled modulation of the photon output of the transistor laser.  This yields new 
capabilities and a much greater sensitivity for unique signal mixing, two-port mixing, and 
signal processing employing the enhanced capability of voltage control as well as the 
usual current control.   
In a previous work,50 nonlinear mixing in a twin-base-contact transistor laser is 
demonstrated to generate output mixing frequencies mf1 ± nf2 up to 8 GHz in the laser 
threshold region, in the unique region of compression of the collector I-V characteristics 
(β = IC/IB, βspon > βstim).  The transition from non-coherent (spontaneous recombination) to 
coherent (stimulated recombination) radiation in the transistor laser changes the base 
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transport and, hence, gives near the threshold region a fundamental and useful 
nonlinearity.  In the present work, nonlinear microwave signal mixing in a tunnel 
junction transistor laser above laser threshold is demonstrated by operating the collector 
as an input terminal (Port #2) using voltage-controlled modulation in addition to current 
modulation at the base input (Port #1).  By extending signal mixing to well above laser 
threshold, a tunnel junction transistor laser thus enables generation of much higher 
coherent optical output power.  Mixing frequencies in the optical output are observed up 
to 22.7 GHz, limited, in fact, by the bandwidth of the detector amplifier employed, not 
the device.   
 The n-InGaP/p+-GaAs/n+-GaAs tunnel junction HBT layer structure, and a 
comparison n-InGaP/p+-GaAs/n--GaAs HBT structure without a collector tunnel junction 
are as described in Chapter 4.1.  Above-threshold signal mixing is made possible by the 
nonlinear coupling of the high internal coherent optical field (hν) to the base electron-
hole recombination (IB), minority carrier (electron) emitter-to-collector transport (IE) and 
the base-to-collector electron tunneling (IfkT) at the collector junction (Fig. 4.1).  The 
coherent photons generated at the QW via electron-hole recombination interact with the 
collector junction field (VCB) and assist electron tunneling from base to collector, 
resulting in hole re-supply current (IfkT) into the base region and a reduction in the 
coherent optical field (absorption).  In addition, unique to the transistor, the (positively 
charged) holes raise the electrical potential of the base, and increase the base-emitter 
potential difference (VBE), causing minority electrons to be injected into the base from the 
emitter (IE).  Although not observed in our present work, amplification (δIE/δIfkT) may 
even be possible depending on the transistor structure.  This, together with a change in 
 63
the coherent optical field, results in a change in the minority carrier population in the base 
(and QW) region and, hence, in the (stimulated and spontaneous) electron-hole 
recombination rate (IB).  Furthermore, photon-assisted tunneling is known to exhibit a 
highly nonlinear absorption behavior ( ) dzzAiF
FC
2
/
3/1
3/2
~ ∫∞ , where F is collector junction 
electrical field, and C is a constant determined by the QW and collector junction.40  In a 
transistor structure, F can be readily controlled independent of current injection by the 
collector-base voltage bias, VCB.  These processes are evident in the collector I-V (Fig. 
4.2) and optical LI-V (Fig. 4.3) characteristics of the tunnel junction transistor laser.  The 
hole re-supply by photon-assisted tunneling enhances transistor laser operation under 
weak collector junction field [region (1) of Fig. 4.3], and quenches it by Franz-Keldysh 
(FK) absorption as collector junction field is increased [region (2) of Fig. 4.3].   
 For signal mixing, the tunnel junction transistor laser can be readily arranged in a 
two-port microwave electrical configuration (common-emitter, common-base as well as 
common-collector), and can be conveniently accessed with two separate GSG (ground-
signal-ground) probes.    Because of the tunnel junction design, the collector terminal can 
now be used as an additional input port.  For convenience and simplicity in fabrication, 
the tunnel junction transistor laser is fabricated in the common-emitter configuration (TJ-
TL CE) shown in Fig. 4.5.  Microwave S-parameter measurements yield for the 
impedance a magnitude of 3 – 6 Ω for the base-emitter (BE) input port, and 25 – 30 Ω for 
the collector-emitter (CE) input port.  The higher CE-input port impedance is well-suited 
for high frequency signal matching (50 Ω standard) and voltage-controlled modulation.  
The tunnel junction transistor laser is biased above threshold (IB = 80 mA, VCE = 0.8 V), 
and provides a single tone input at frequency f1 = 2.0 GHz at the BE-port of the tunnel 
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junction transistor laser, and a separate tone at frequency f2 = 2.1 GHz at the CE-port.  
The choice of f1 and f2 is made for convenience in displaying and subsequently 
identifying the various harmonics in the output optical signal.  In Fig. 4.6 the signal 
mixing produces harmonics (mf1±nf2) as high as the (m+n) = 11th order, with the highest 
harmonic being 4f1+7f2 = 22.7 GHz despite being bandwidth-limited to 20 GHz by the 
detector amplifier. 
  The Statz-deMars coupled rate equations28 are modified to include FK photon 
absorption, αfkT.  Further note that IC =It+IrT+IfkT ~ IC(αfkT, P) because IfkT/q = vαfkTP, and 
the minority carrier injection, IE = IE(IC), is coupled to the collector current, IC, as a result 
of the tunneling re-supply of holes to the base.  The coupled equations in the notation 
used in Chapter 2, reproduced here for convenient reference, are    
( ) PvPgv
dt
dP
fkTmi ααα −−−Γ= ,                     (4.3) 
and      
 ( ) ( ) vgPN
q
PI
q
II
dt
dN
sponB
fkTCCE Γ−−−=
,
,
τ
α .                 (4.4) 
By considering small-signals, the minority carrier population, N = No + δN(ω); for the 
optical gain, g = go + (∂g/∂N)·δN(ω); a photon population, P = Po + δP(ω); the 
expressions IE = IE,o + δIE(ω); IC = IC,o + δIC(ω); αfkT = αfkT,o + δαfkT(ω); and the triode 
current constraint, δIE(ω) = δIC(ω) + δIB(ω).  Equations 4.3 and 4.4 may be written in 
small-signal nonlinear form as  
  PvNPvvPN
N
gvPPj fkTfkToo δδαδδδαδωδ −Γ+−∂
∂Γ= ,            (4.5) 
and  
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with δαfkT Taylor-expanded as  
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The mixing terms [δIB(f1)]m·[δVCB(f2)]n generate the output mixing frequencies mf1 
± nf2, and can be derived by a recursive procedure.  First, the linear solution is obtained 
from Eqs. 4.5 and 4.6 by ignoring the nonlinear terms involving δαfkT·δP and δN·δP, 
giving δP = RPI(ω)δIB + RPV(ω)δVCB, where RPI(ω) and RPV(ω) are the respective current 
and voltage modulation coefficients.  Higher order mixing terms such as δIB·δVCB, 
(δIB)2·δVCB,  δIB·(δVCB)2, etc., are obtained by retaining all the mixing terms and 
substituting the expression for δP into in Eqs. 4.5 and 4.6 at each recursive step.  The TJ 
gives rise to the nonlinear (coupling) term, δP·δαfkT, without which, nonlinearity 
(weaker) can arise only from current modulation, i.e., only δP·δN.    
 A tunnel junction transistor laser can provide good isolation between the two 
electrical ports, and is a significant improvement over a twin- base-contact transistor laser 
design.  Good forward isolation (small forward current gain, β << 1) is readily achieved 
during laser operation as a result of the increased rate of stimulated recombination 
emission above laser threshold, as is demonstrated by an |S21| parameter of less than -20 
dB over frequencies ranging from 0.050 to 20 GHz for the tunnel junction transistor laser. 
A transistor, because of the separation of its low impedance input (port #2) from the high 
impedance output (port #2), inherently provides good reverse isolation.  Reverse isolation 
may deteriorate, however, in large area devices where extrinsic base-collector 
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capacitance, CBC,ext, such as that in a common-emitter transistor, serves as a signal 
“shunt” between the two input ports.  In this case the collector TJ can offer improved 
isolation because it provides a low-resistance path for routing current flow away from 
CBC,ext, directing it towards the relevant recombination center (i.e., to electrical-to-optical 
conversion).  The common-emitter tunnel junction transistor laser employed in our 
present work gives a reverse transconductance, |Y12|, that is 10 dB less when compared to 
the usual transistor laser while maintaining an |S12| parameter of less than -20 dB over the 
same frequency range.  The RF isolation between the two ports is advantageous for 
multiple-RF-input signal-processing applications.   
 Concluding, a three-terminal tunnel junction transistor laser is employed as a 
nonlinear microwave device, with much more convenient circuit matching, that accepts 
two electrical inputs and produces an optical output signal.  It utilizes the nonlinearity 
that results from the strong coupling between minority carrier injection (IE), electron-hole 
recombination (IB) and the collector junction field (VCB), mediated by photon-assisted 
tunneling (IfkT) at the collector junction.  The tunnel junction transistor laser, therefore, 
enables a new nonlinear signal processing (adding and mixing) device operating above 
laser threshold for improved optical output power.  It can serve as a powerful nonlinear 
optoelectronic component for applications such as frequency multiplication, frequency 
synthesis, and signal-processing.  
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4.3. Figures 
 
Fig. 4.1  Schematic band diagram of a tunnel junction transistor laser shown with a 
generic resonator cavity.      
 
 
Fig. 4.2  The collector I-V characteristics of (a) a tunnel junction transistor laser (TL) and 
(b) a comparison transistor laser without a collector tunnel junction.  Below the knee 
voltages, the transistors are biased in saturation.  The tunneling process is evident from 
the slope of the tunnel junction transistor laser collector current, IC, vs. emitter-collector 
voltage bias, VCE (0.4 – 1.6 V), which otherwise would be flat as for the collector I-V of 
the (b) comparison transistor laser. 
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Fig. 4.3 The dependence of optical output of the tunnel junction (TJ) transistor laser (of 
Figs. 4.1 and 4.2) on VCE, indicating the enhancement (VCE < 0.8 V) and quenching (VCE 
≥ 0.8 V) of the laser output by FK photon-assisted tunneling (photon absorption).  The 
LI-V of the comparison TL (b) shows similar behavior occurring gradually except at 
higher VCE ≥ 1.6 V. 
 
 
Fig. 4.4  Modulation characteristics of a common-emitter TJ-TL biased in: (a) region 1 of 
Fig. 4.3 with IB = 90 mA, VCE = 0.52 V, and BE RF-input current modulation, and (b) 
region 2 with IB = 90 mA, VCE = 1.08 V, and CE RF-input voltage modulation.  The 
optical outputs are equal in both cases.   
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Fig. 4.5  Schematic circuit showing a TJ-TL in a common-emitter configuration for 
frequency multiplication and signal mixing of input signals S1(f1) and S2(f2). 
 
 
Fig. 4.6  Signal mixing with a TJ-TL in the common-emitter configuration of Fig. 4.5, 
producing optical output with harmonics mf1 ± nf2.  The input tones are of equal RF 
power (0 dBm). 
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5. PHYSICAL MODEL OF THREE-PORT TRANSISTOR LASER 
The physical model of the bipolar junction transistor (BJT) and heterojunction 
bipolar transistor is usually constructed based on the Ebers-Moll analysis.51   In this 
analysis, base recombination current (IB) is essentially ignored with the emphasis on the 
output collector current (IC).  Although base current IB plays a critical role in separating 
the low impedance emitter input port (Ie) from the high impedance collector output port 
(Ic), thus yielding (grounded-base) a “transfer resistor” or transistor,1 the approximation 
of high current gain (negligible IB compared to IC) relegates IB to “secondary” 
importance.  With the light-emitting transistor,14,15 and the transistor laser,10,11 IB and base 
recombination take a central role not only in offering an optical output,52 but also in 
providing conveniently nonlinear mixing,50 frequency multiplication, 53 , 54  negative 
resistance,49 and photon-assisted switching.55   
 
5.1. Physics of Base Charge Dynamics and Model of Three-Port Transistor Laser 
In considering the time-variation of charge storage (dQ/dt) in the base of an HBT 
or BJT, we usually treat the collector current, IC, as the only charging and discharging 
current for the entire base charge population Q.  This is true in the limit of high current 
gain ratio, β = IC/IB (grounded-emitter), because the injected charge is collected primarily 
by the electrical collector, a reverse-biased junction.56  In the transistor laser where base 
recombination current is made deliberately larger with a base QW to enhance both 
spontaneous and stimulated recombination, the total base charge is governed by both the 
recombination in the QW (a second collector, an optical source), as well as by the usual 
electrical collector.26  The latter tilts and pins the base charge distribution Q, not 
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permitting charge pile-up.  The base charging mechanism in a QW transistor laser is 
clearly different from that of an ordinary HBT or BJT.  In the present work, for 
convenience of analysis and measurement, a model based on transistor laser physical 
processes is formulated in the form of equivalent circuit elements, which facilitates the 
use of powerful microwave measurements to assess device parameters, performance and 
speed.  By fitting the model simultaneously to both microwave electrical S-parameters 
and to the device (transistor laser) optical response, we extract the physical parameters 
associated with base charging by the electrical and optical collectors, and gain deeper 
insight into transistor laser operation, including QW charge density, charge continuity, 
and evidence for discontinuity in the quasi-Fermi level of QW carriers. 
For use in extracting physical transistor laser parameters using microwave 
measurements, we derive a model of the transistor laser by extending Kirchhoff’s law to 
include consistently both electrical and optical equivalent circuit elements.  We are 
primarily interested in operating the transistor with forward-biased emitter junction and 
reverse-biased collector junction.  Under these conditions the intrinsic current equations 
for a transistor laser are written as    
Bspon
B
Q
dt
dQtI τ+=)( ,                   (5.1) 
and  
 )()( tIQ
dt
dQtI C
Bspon
E ++= τ ,           (5.2) 
where IE(t) = IB(t) + IC(t).  Based on earlier charge control analysis,26 which includes 
stimulated emission in a QW base region and also the effect of coupled carrier-photon 
interaction (Statz-deMars equations), we insert in the RHS of Eqs. 5.1 and 5.2, assuming 
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a single laser mode operating at each bias condition, an additional stimulated 
recombination term Istim = qΓvggNph, where Γ is the optical confinement factor, vg is the 
photon group velocity, g is the QW optical gain, and Nph is the photon population in the 
resonator cavity.  Using Eq. 5.1 and the expression for Istim, we express Eq. 5.2 as  
 stimspC
sp
BsponE IIIdt
dI
I +++= τ ,                 (5.3) 
where Isp = Q/τBspon.  Equation 5.3 serves as an expression for Kirchhoff’s law at node N1 
(Fig. 5.1).  To include the laser dynamics in the model, the photon rate equation is 
expressed as Istim/q = dNph/dt + Nph/τph – γN/τBspon, where q is the electronic charge, τph is 
the photon lifetime in the resonator cavity, and γ is the proportion of spontaneous 
emission in the optical lasing mode.  We treat the ability of the resonator cavity to “store” 
photons as a “photon capacitor.”   By treating the photon population as a “charge” 
population, qNph = (Cp/q)·(qVp), we can define a time-varying equivalent potential 
energy, qVp(t) (in units of eV) across an equivalent “photon storage capacitance,” Cp/q (in 
units of Coulomb per eV).  Generation (addition) and emission of photons is treated as 
“charging” and “discharging” of the photon capacitor.  The potential energy qVp is thus 
directly proportional to the photon population, and hence to the optical output, L, of the 
device.57  By relating L to a potential energy, we incorporate (preserve) current (IE = IB + 
IC) and charge conservation within the framework of Kirchhoff’s law.  The photon 
lifetime is thus treated as an RpCp-charging time determined by τph = RpCp, where Rp is an 
equivalent “photon resistance” associated with the cavity losses.   The photon rate 
equation becomes  
sp
p
pp
pstim IR
V
dt
dV
CI γ−+= ,                 (5.4) 
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and is an “extended form of Kirchhoff’s law” applied at node N2 (Fig. 5.1) to include 
optical elements.   
To complete the model for the transistor laser, we insert the relevant circuit 
equivalent elements (including parasitics): (a) emitter capacitance, CE = CJE + CDE, with 
depletion capacitance, CJE, and diffusion capacitance, CDE; (b) DE is the emitter p-n 
junction; (c) DC is the intrinsic collector p-n junction; (d) DCx is the extrinsic collector p-n 
junction; (e) αI’E is the active source; (f) CBCi is the intrinsic base-collector depletion 
capacitance; (g) CBCx is the extrinsic base-collector depletion capacitance; (h) RB is the 
intrinsic base QW resistance; (i) RE, RBX, RC and RCX are the extrinsic resistances; and (j) 
LE, LC and LB are the parasitic inductances.  Pad capacitances (contacts) are not shown.  
In this model higher order effects such as Franz-Keldysh absorption (α Æ 1),47,49 the 
transition from the ground state to first excited laser,17 multi-modal operation,17 and 
optical output saturation due possibly to heating are not accounted for.   
 
5.2. Device Characterization and Microwave Three-Port S-parameter Fitting 
The values of the equivalent circuit elements are obtained by simultaneously 
fitting the three-port model to experimental microwave electrical S-parameters and to the 
optical response (Fig. 5.2) of a transistor laser (cavity length of 400 µm) in the grounded 
emitter configuration58 at multiple operating biases, shown here, for instance, at VCE = 
1.25 V and IB = 30 and 90 mA.  The small-signal analysis is accomplished by 
maintaining constant the parameters: CE = 1.2 pF, CBCi = 1.5 pF, RE = 3.6 Ω, RB = 0.7 Ω, 
Cpad = 0.87 pF, LC = 43 pH, LB = 21 pH, LE = 0.5 pH, RC = 0.5 Ω, RBx = 0.9 Ω, RCx = 1.2 
Ω, Rp = 1.6 Ω, Cp = 1.7 pF, γ = 1.3%, and Γg = 45 cm-1 and varying only four parameters, 
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namely, τBspon = 29 and 50 ps; α = 0.25 and 0.45; CBCx = 14 and 58 pF; and the small-
signal equivalent resistance of DCx, RBCx= ∞ and 12 Ω at IB = 30 and 90 mA, respectively.  
Note that the S21 and S12 parameters at all the biases display no outward “kinks,” 
indicating that the electrical responses are smooth and resonance-free.  
In the physical models of the HBT and BJT, the relation IC = Q/τt is usually 
employed to define a base-emitter diffusion capacitor, CDE, so that the charging term, 
dQ/dt, can be expressed as CDE·dVBE/dt, where CDE = dQ/dVBE = gmτt, τt is the base transit 
time, and gm = dIC/dVBE is the transconductance.56  In the transistor laser model here, 
while we retain the base diffusion capacitance associated with dQ1/dt = CDE·dVBE/dt, an 
additional base charging term corresponding to dQ2/dt=τBspon·dIsp/dt, is introduced and 
driven by the base current IB, the relaxation re-supply of majority holes to the QW optical 
collector supporting electron-hole recombination.  Here, Q = Q1 + Q2, where Q1 accounts 
for the transport of carriers contributing to IC, and Q2 accounts for the transport of carriers 
contributing to IB.  Both refer to charge populations defined in the modified charge 
control analysis.26   Base charging (and discharging) by the optical collector is made 
possible by the action of fast electron-hole recombination in the QW located strategically 
in the base of the transistor, competing with the electrical collector.   
In addition, because the undoped QW is “sandwiched” between heavily doped 
(NA > 1019 cm-3) p-type base layers of the transistor laser, the QW can be treated as a 
“sheet charge,” charged (and discharged) by a base differential potential, δVB = IspRB, 
rather than by the entire junction potential, for example, as in the case of a p-i(QW)-n 
diode laser where the QW(s) are located within the p-n junction.  An equivalent bias-
dependent QW-capacitance can be defined as CQW = dQ2/d(δVB) = τBspon/RB, and has a 
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value ranging from 71 pF (τBspon = 50 ps, IB = 30 mA) to 42 pF (τBspon = 29 ps, IB = 90 
mA).  This gives an independent probe of the charge population density in the QW at 
laser threshold, where nQW = CQWδVB/(qVolQW) = CQWIspRB/(qVolQW) = 2 x 1016 cm-3, 
which within an order of magnitude is consistent with that found by considering charge 
and current continuity.26  Here, for VolQW = 160 Å x 400 µm x 37 µm, corresponding to 
the volume of the base QW, τBspon = 37 ps and Isp = 20 mA.  Because of the device 
geometry, CQW (thus, τBspon) of necessity incorporates, in addition to the intrinsic 
spontaneous recombination lifetime, the (parasitic) charging time attributed to the base 
QW area that is extrinsic to the transistor.33  Even so, τBspon ≤ 50 ps 32, 34 is sufficiently 
fast to ensure that the (photon-charge population) relaxation oscillations, so pronounced 
in the optical response of diode lasers with peak amplitude noticeably larger than 5 dB, 
are not manifest in either the optical,58 or in the electrical response of the tilted-charge 
transistor laser of this work (Fig. 2).   
Because the base QW charge density at laser threshold, nQW ~ 1016 cm-3, is 
consistent with both charge and current continuous across the base from emitter-to-
collector, it necessarily leads to the conclusion that the quasi-Fermi level of the minority 
carriers is discontinuous across the hetero-boundaries of the base-QW-base structure in 
the base of the QW transistor laser under the dynamic “flow” conditions of the transistor 
laser (forward-biased emitter and reverse-biased collector).  If we assume otherwise, that 
the quasi-Fermi level is continuous across base-QW-base, the charge density in the QW 
would have to exceed 1016 cm-3 by roughly 102 – 103 times, a magnitude that would be 
easily discernible in this study.  The quasi-Fermi level discontinuity can be understood if 
one observes that under the high current injection (nearly unilateral flow) conditions 
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established in the base of the transistor, quasi-equilibrium does not exist at the hetero-
boundaries of the base-QW-base region.59  This result reinforces the idea that there is no 
charge pile-up in the transistor laser base, and that it is the current (or rate of delivery of 
carriers to the QW) that matters, and, of course, determines the optical output. 
 
5.3. Parasitic Elements: CBCx and RBCx 
 The model in Fig. 5.1 is able to address both transistor and laser design, a truly 
integrated model of a transistor laser.  This includes simulation of the properties of 
forward and reverse junctions, transistor gain, parasitics as well as the scaling of the 
transistor.   Moreover, the model incorporates transistor laser action in the base, and is 
capable of simulating the interaction of carriers and photons in the active region (QW), 
and photon dynamics (cavity and mirror parameters).  With the key design parameters 
from previous sections, the model allows us to calculate the electrical and optical dc 
characteristics shown in Fig. 5.3 for the transistor laser of Ref. 58.  To calculate the 
collector I-V characteristics in Fig. 2, the dc diodes DE, DC and DCx are fitted (to the first 
approximation) to the standard p-n junction, ( )1/ −= TVVo eII  in series with a resistor R.  
We obtain Io = 1x10-20 A, VT(DE) = 35 mV, VT(DC) = 28 mV, RE = 3.6 Ω, and RCx = 1.2 
Ω.  For the optical L-IB, we use τph = 2.7 ps, τBspon = 37 ps, Rp = 1.6 Ω, Cp = 1.7 pF, and 
Γg = 45 cm-1 which corresponds to a transistor laser device cavity length of 400 µm.   
 Here, we expound on two important parasitic elements, namely the extrinsic BC 
capacitance, CBCx = 58 pF, and the small-signal equivalent resistance of DCx, RBCx= 12 
Ω at IB = 90 mA.  Both elements are shunts that direct holes away from the active base 
recombination region.  In Fig. 5.4, we show that if CBCx is reduced to 1pF (~ CBCi), and 
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RBCx is increased to 1000 Ω, the optical bandwidth of the transistor laser of Ref. 58 can be 
increased from 18 GHz at IB = 90 mA and VCE = 1.25 V to 25 GHz at the same bias 
condition. 
 
5.4. Example Design and Simulation of Optical Data Transmission at 40 Gb/s 
 For use in circuit design applications, the equivalent circuit model can be 
employed in computer simulations (e.g., Agilent Advanced Design System), in 
conjunction with other circuit components to design useful applications in optical data 
communication and microwave photonics application.  Here, we employ the model 
developed in the previous sections to design and simulate optical data transmission at 40 
Gb/s (Fig. 5.5). 
  We begin by first calculating an eye-diagram of the transistor laser of Ref. 58 and 
compare it to an actual eye-diagram measured at the equipment-limited data rate of 13 
Gb/s for bias condition of IB = 70 mA and VCE = 1.35 V.  The results demonstrate good 
agreement (Fig. 5.6). 
 With a reduced CBCx and increased RBCx, the optical bandwidth attainable is 25 
GHz.  The eye-diagram at 40 Gb/s for this transistor laser is calculated in Fig. 5.7 (a).  
The eye is open, but clearly there is much inter-symbol interference (ISI).  The transistor 
laser in Figs. 5.1 to 5.4 employs an as-cleaved Fabry-Perot cavity.  The mirror at both 
ends of the cavity comprises a semiconductor-air interface, and the reflectivity is 0.29.  
To obtain a cleaner eye with less ISI, the optical bandwidth of the transistor laser must be 
increased further.  This can be achieved by coating one end of the mirror to achieve a 
reflectivity of 0.90.36  With a higher reflectivity, the transistor laser laser threshold is 
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expected to decrease to IB,TH = 10 mA, and the optical bandwidth of the transistor laser is 
expected to increase to 39 GHz at IB = 90 mA, and an open, clean eye can be obtained as 
is calculated in Fig. 5.7 (b).  In fact, with the reduced laser threshold, the device can be 
biased at a lower IB of 60 mA, and still be able to achieve an open and clean eye at 40 
Gb/s (Fig. 5.7 c). 
 Because of the relatively flat frequency response and high bandwidths ranging 
from IB = 60 to 90 mA, the proposed transistor laser (one-side mirror coated, reflectivity 
= 0.9) can be operated with a relatively simple bias control circuit, or even without one, 
because the proposed transistor laser could handle data transmission of 40 Gb/s over a 
wide range of biases, i.e., IB = 60 (IB/ITH = 6x) to 90 mA (IB/ITH = 9x).   
 Concluding, we have constructed an equivalent circuit model of the transistor 
laser based on the modified charge control analysis, and shown that the model is capable 
of fitting and reproducing well the small-signal electrical and optical response of the 
transistor laser at multiple operating biases.  Our present model can be improved further 
with the incorporation of various effects such as Franz-Keldysh photon-assisted tunneling 
and absorption, additional transit time delays, distributed and 2D/3D effects, numerical 
techniques such as the solution of Boltzmann transport equations, saturation, and other 
nonlinear effects.  In this work, we show that the charging (and discharging) mechanism 
of the transistor laser base is unique and distinct from that of the usual HBT and p-i-n 
diode because of the action of fast recombination in the base QW strategically inserted in 
the heavily doped base of the transistor laser.  Not only is such an equivalent circuit 
construct useful in the analysis of device physics and operation, it also represents a step 
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forward towards constructing a library of circuitries and solutions based on the three-port 
transistor laser for IC design.   
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5.5.  Figures 
 
Fig. 5.1 Physical model of a three-port heterojunction bipolar transistor laser formulated 
in equivalent electrical and optical elements. 
 
 
Fig. 5.2 Measured and calculated three-port electrical S-parameters and optical response 
of the transistor laser. 
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Fig. 5.3  Measured and calculated collector I-V and L-IB characteristics of the transistor 
laser of Ref. 58. 
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Fig. 5.4  Optical response of the transistor laser of Fig. 5.2: (a) measured, (b) with 
parasitic elements CBCx reduced to 1 pF (~ CBCi), and RBCx increased to 1 kΩ. 
 
Fig. 5.5  Schematic of a model system for transmission of optical data. 
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Fig. 5.6  The calculated and measured eye-diagram at 13 Gb/s. 
 
Fig. 5.7  Calculated eye-diagram at 40 Gb/s for transistor laser with (a) as-cleaved Fabry-
Perot cavity, CBCx = 1pF, RBCx = 1 kΩ, (b) as-cleaved Fabry-Perot cavity, CBCx = 1pF, 
RBCx = 1 kΩ, one-side coat mirror (reflectivity = 0.90), and (c) as-cleaved Fabry-Perot 
cavity, CBCx = 1pF, RBCx = 1 kΩ, one-side coat mirror (reflectivity = 0.90), but lower bias 
IB = 70 mA. 
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6. CONCLUSION 
 It is shown that the electrical characteristics of an n-p-n transistor structure can be 
used to determine experimentally, under dynamical operating conditions, the effective 
carrier lifetime of injected minority carriers in the QW base region of a HBLET.  A 
charge control model of the transistor laser is developed consistent with the short 
recombination lifetime of the QW base (which competes with the short emitter-to-
collector transit time).   
 A first order perturbative analysis of the electron-hole recombination dynamics in 
the base QW by Fermi’s Golden Rule is developed to explain the large increase in the 
high-speed performance of the transistor laser operating on the first excited state (λ= 980 
nm) compared to ground state (1000 nm).  The model shows that the bandwidth of the 
transistor laser (absent resonance peaks) increases as much as twofold when it shifts 
operation from ground to first excited state.  No assumption of upper subband state-filling 
is necessary in the calculation consistent with no pile-up of charge in the upper subbands 
because of the transistor boundary condition at the electrical collector of zero charge 
density (collector current IC ≠ 0) resulting in a tilted emitter-to-collector population 
distribution.   
 A transistor laser with its collector modified to incorporate a tunnel junction 
collector, is described.  Its optical output is sensitive to third terminal voltage control 
owing to the electron tunneling (photon-assisted or not assisted) from the base to 
collector, which acts in further support of re-supply of holes for recombination in 
addition to the usual base ohmic current, IB.  Collector tunneling enhances laser operation 
even under a weak collector junction field, and quenches it under a strong reverse-biased 
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field.  The sensitivity of the tunnel junction transistor laser to voltage control enables the 
tunnel junction transistor laser to be directly modulated by both current and voltage 
control.  Microwave signal mixing with a common-emitter tunnel junction transistor laser 
is demonstrated, producing an optical output with harmonics up to (4f1+7f2) = 22.7 GHz, 
despite being limited by amplifier bandwidth.   
 A physical model of the base charge dynamics of the QW transistor laser is 
constructed based on earlier incomplete charge control analysis.  We extend Kirchhoff’s 
law to include electrical and consistently optical elements.  The model yields, via 
microwave measurements (and resolvable picosecond responses), physical quantities 
associated with transistor laser base-charging, permitting the extraction of a base QW 
charge density, nQW=2x1016 cm-3, consistent with calculation by current continuity.  The 
low density implies quasi-Fermi level discontinuity in the transistor laser base, and 
indicates that the base QW charge level is not as important as the current driving the QW 
and supplying electron-hole recombination. We construct an equivalent circuit model of 
the transistor laser based on the modified charge control analysis, and show that the 
model is capable of fitting and reproducing well the small-signal electrical and optical 
response of the transistor laser at multiple operating biases.  Not only is such an 
equivalent circuit construct useful in the analysis of device physics and operation, it also 
represents a step forward towards constructing a library of circuitries and solutions based 
on the three-port transistor laser for integrated circuits design. 
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